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Synopsis. 


In the regions A — 25, 150 < A < 190 and A > 222, it is known that the nuc- 
lear shape deviates essentially from spherical. In this paper, the odd-A nuclei in 
these regions are considered and a classification of the observed intrinsic excita- 
tions is attempted on the basis of an independent-particle description of the last 
odd nucleon. The evidence available on beta and gamma transitions, nuclear mo- 
ments, and properties of the rotational spectra are discussed in terms of this clas- 
sification of the states. 


IÆLNTRODTUCELON 


henever we observe nuclear configurations with sufficiently many particles 
outside of closed shells, it is found that the nuclear shape deviates essentially 
from spherical symmetry. A very simple type of excitation is then possible corresponding 
to the rotation of the nucleus in space without changing the shape or intrinsic con- 
figuration!. In the regions A — 25, 150<4A<190, and A>222, the nuclear spectra 
exhibit such rotational bands associated with each intrinsic state”. The structure of 
the observed rotational bands (i. e., the energy dependence, I(I+1), and the spin 
sequence, I = 0, 2, 4, 6... for even-even nuclei) implies that the nuclear equilibrium 
shape is axially symmetric and symmetric with respect to reflection in a plane per- 
pendicular to the symmetry axis and passing through the center of the system. The 
existence of a symmetry axis implies that, for each rotational band, there will be 
a constant of the motion, K, representing the component of the total angular mo- 
mentum along the symmetry axis. In the nucleus, there is no collective rotational 
motion around the symmetry axis and so the angular momentum, K, in each rotational 
band is a characteristic of the intrinsic configuration associated with that band. 
Similarly, the reflection symmetry of the nucleus implies that the rotational motion 
always has even parity and, thus, the parity of all the states in a rotational band 
is the same and is equal to the parity of the intrinsic configuration. The coupling 
scheme appropriate to such non-spherical, axially symmetric nuclei is illustrated 
im bisse 
Having classified the observed spectra into the intrinsic states and the cor- 
responding rotational excitations associated with each such state, the next step in 
the interpretation of these spectra is to obtain a more detailed description of the 
intrinsic motion. In the present paper, we attempt an interpretation of the available 
data on the intrinsic states of the non-spherical odd-AÅ nuclei, assuming an independent- 
particle model for the intrinsic motion. 
We thus consider the motion of the nucleons in an axially symmetric, but non- 
spherical nuclear potential. The calculations of the single-particle spectra and wave 


1 For a systematic discussion of the nuclear rotational spectra, cf. ALDER et al. (1956), in the following 
referred to as ABH. 

2 Note added in proof: In a recent work by KuratH and PIGMAN (to appear in Nuclear Phys.), it 
is shown that this coupling scheme can also bc applied to the nuclei in the region 4 < A < 16. The results 
are very similar to those obtained from a description of the states in terms of the 1 p single-particle con- 
figurations, in which the coupling scheme is intermediate between LS and jj. 
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functions have been published previously". In such calculations, there appear a 
number of parameters which describe the radial dependence of the potential and 
the spin orbit force. These have been adjusted, first, so that they reproduce the avail- 
able empirical evidence about the sequence of single-particle orbitals in a spherical 
potential (i. e., the evidence obtained from the spins and parities of levels near to 
closed-shell configurations). Finally, small adjustments in the available parameters 


z 


Fig. 1. Angular momentum coupling scheme for deformed nuclei. The total angular momentum, I, has the 

component M along the fixed z-axis and the component K along the nuclear symmetry axis, z'. The 

collective rotational angular momentum, R, is perpendicular to the nuclear symmetry axis; thus, K is entirely 
a property of the intrinsic motion. 


have been made in order to reproduce as well as possible the observed intrinsic 
spectra of the non-spherical nuclei. The calculated single-particle spectra are plotted 
in Figs. 2, 3, 4, 5, and 6 as a function of the parameter å&, which characterizes the 
eccentricity of the nuclear potential. 

ÅAssuming the nuclear potential and charge distribution to have the same shape, 
the quantity & can be determined directly from an electric quadrupole moment measure- 
ment or from a measurement of the E2 transition probability between two states in 


7 S. G. NinssoN (1955); in the following, this reference will be cited as SGN. A preliminary report 
of the present classification was published in B. R. MoTTELSsON and S. G. NiLsson (1955a) which will be 
referred to as MN. Similar calculations have also been made by S. MoszkowskiI (1955a) and K. GOTTFRIED 
(1956). 

2 Some of these level diagrams and the corresponding wave functions have been published previously 
(SGN and MN). In a number of cases, additional calculations have been made in order to complete those 
reported in these references; the new energies and wave functions are given in the Appendix. 
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a rotational band. These quantities may be expressed in terms of the intrinsic 
quadrupole moment, Q4, which is given in terms of då by the relation! 


på 


sense | 
Qo=F82R(1+55+.….], (UL) 


where Z is the nuclear charge number and Ry the mean charge radius of the nucleus. 
It is also possible to make a theoretical estimate of då as the value of the eccentricity 
which minimizes the total nuclear energy (cf. $ IV). 

Two orbits will have the same energy if they are identical, except for the sense 
(right handed or left handed) in which the particle moves around the symmetry axis. 
Thus, each level in Figs. 2—6 is two-fold degenerate, corresponding to the possibilities 
+K and -K. 

Besides K and the parity, // = +, a number of other quantum numbers are 
necessary to distinguish the different single-particle states in a non-spherical field. 
In Figs. 2—6, we have used the ""asymptotic” quantum numbers which would 
characterize these states in the limit where the nuclear potential becomes a very 
anisotropic, axially symmetric, harmonic oscillator. In this limit, one has the quan- 
tum numbers, N, the total number of nodes in the wave function, n,, the number 
of nodal planes perpendicular to the symmetry axis, and Å, the component of the 
particle's orbital angular momentum along the symmetry axis. These quantum num- 
bers are written in square brackets, as [Nn, A], beside each orbit in Figs. 2—6. While 
these quantum numbers would exactly characterize the nuclear states in the limit 
mentioned above, the actual proper states usually contain components with other 
values of n, and A. However, for values of då — 0.3, the calculated states usually 
correspond to the asymptotic states with an accuracy of the order of 90 /, or better. 
Thus, selection rules associated with these asymptotic quantum numbers may be 
expected to play an important role in determining the strengths of nuclear transitions 
between different intrinsic states. The asymptotic quantum numbers have the further 
advantage that they characterize the actual states in the region of interest, (6 2, 0.15), 
in a manner that is independent of the detailed assumptions made about the order 
of levels for då = 0. 

In the following section (8 II), we discuss the available level spectra of the 
odd-Å nuclei possessing non-spherical equilibrium shapes. Where detailed evidence 
is available on the spins and parities of the nuclear states, the data provide a direct 
test of the theoretical spectra of Figs. 2—6. Where such evidence is not available, 


1 The parameter å used in the present paper equals exactly the parameter å used by MN and the 
parameter & of SGN. It can be expressed in terms of the various deformation parameters used in the re- 
ferences indicated below by means of the following relations, correct to first order: 


0 7 0.958 (A. BoHR, 1952). 
00 (SGN). 


dr SE (A. BoxHRr and B. MortTTELsonN, 1955b). 


OF HER (SGN): 
2% 
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we have used Figs. 2—6 as a guide in the classification of the available information. 
In 8 III, we discuss the moments of inertia of the odd-A nuclei. The rather large 
variations in these moments of inertia in going from one intrinsic state to another 
are found to be well accounted for on the basis of the classification of the intrinsic 
states given in 8 II. The theoretical estimate of the equilibrium deformation is COn- 
sidered in & IV. Finally, in & V, we summarize the main conclusions that can be 
drawn from the present analysis. 


II. INTERPRETATION OF THE OBSERVED 
BEVELÆSP PE RRA 


In this section, we attempt a systematic discussion of the available evidence on 
the ground states and excited levels in the odd-A nuclei in the regions where the nuclei 
åre found to have large equilibrium deformations, i. e., A — 25, 150<A <190, and 
A>225. We begin the section by a number of short paragraphs in which we review 
certain selection rules and definitions of the nuclear parameters relevant to the dis- 
cussion of these spectra. 


A. Summary of parameters used in discussing the spectra 
of non-spherical nuclei. 


a) Rotational bands (see footnote 1 on p. 5.) 


As mentioned in the Introduction, it is a characteristic feature of the spectra 
we shall discuss that there is a rotational band associated with each intrinsic con- 
figuration. The energy within such a band is approximately given by 


É hg I VER 
Bror” 38/4 D) + at (143) Sal. 2 


The last term in (2) reflects a decoupling effect which occurs only for configurations 
with K = 1/2. The magnitude of this effect is determined by the parameter a which 
depends on the details of the intrinsic motion and can be explicitly calculated in 
terms of the wave functions of the last odd nucleon (the expression for a in terms of 
the wave function for the last odd nucleon may be found, for example, in SGN; cf. 
Tabie VIII for a comparison of the calculated and measured a-values). The effective 
moment of inertia, I, appearing in (2) is found to be systematically larger in odd-A 
nuclei than in the ground-state rotational band of neighbouring even-even nuclei; also, 
there are appreciable variations in J from one rotational band to another in the odd-A 
nuclei. This effect is discussed in $ III. Besides the regularities implied by the energy 
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Spectrum (2), there are a number of simple intensity rules governing the relative inten- 
sity of nuclear transitions which lead to different members of a rotational band. These 
relations have been experimentally tested for alpha, beta and gamma transitions as well 
as for deuteron stripping reactions. It is found that, whenever the absolute transition 
intensity is of the order of magnitude or greater than that which would be predicted for 
a single-particle transition, the experimentally observed transition rates follow well the 
theoretical intensity rules. However, when the absolute intensity is appreciably smaller 
than the single-particle estimate, the relative intensities may differ from those predicted 
by as much as an order of magnitude. Such deviations reflect the fact that the highly 
hindered transitions are extremely sensitive to very small admixtures in the nuclear 
wave function. 
An especially simple consequence of the intensity rules is the existence of selection 
rules associated with the quantum number K. For a transition of multipole order 4 
from a level in a rotational band characterized by K, to a level in a band characterized 
by K,, we must have 
ke roer (3) 


or the transition will be '"K-forbidden”'. It is found that, for transitions which violate (3), 
the lifetime is from ten to a hundred times longer for each degree of K-forbiddenness. 
Thus, for example, the most highly K-forbidden transition reported occurs in Hf180, 
where K, = 8 (or possibly 9), Ky = 0, and Å = 1. The transition is thus 7 times K-for- 
bidden and the measured half-life is about 1075 times longer than the single-particle 
estimate (cf. also Table V which contains a comparison of relative intensities of 
gamma transitions in Al?5), 


b) Selection rules associated with the intrinsic structure. 

As discussed in the Introduction, the intrinsic nuclear states for a sufficiently 
deformed potential may be approximately characterized by the quantum numbers 
N, n,, and Å in addition to K and the parity IJ. There are a number of selection rules 
associated with these asymptotic quantum numbers (ALaGa, 1955). The selection rules 
appropriate to gamma transitions are collected in Table I, while those for beta tran- 
sitions are given in Table II. We shall use the following abbreviations to indicate 
the classification of beta and gamma transitions: 


a = allowed beta transition, i. e., AI = 0, or 1 (no). 
1 = first forbidden beta transitions with AI = 0, or 1 (yes). 
1: = alpha-type first forbidden beta transition, i. e., AI = 2 (yes). 
E/. = gamma transition of electric 24 pole. 
M1 = gamma transition of magnetic 2Å-pole. 
u = the transition does not violate the asymptotic selection rules of Table I or II 
(. e., unhindered). 
h = the transition violates the selection rules of Table I or II (i. e., hindered). 
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TABLE I. Selection rules for electromagnetic single-proton transitions in terms of the 
asymptotic quantum numbers. 


Mul- 
uns AK | Operator AAR BAN AN 
il x+iy 1 0 +1 
E1 1 
0 z 0 z 
—1 —1 
1 » (2) 
l 1 
1 i —1 | 0, (-2) 
M1 ss 0 0 0 
0 lz 0 0 0 
s> 0 0 0 
2 (æ + iy)” 2 0 0, +2 
i 0, 2 
1 i 1 å 
z(x+ iy) fer OD —2 
E2 0 0 
0 g2 0 2 2 
—2 —2 
x? + y? 0 0 0, +2 
3 1 +1, (3) 
x+iy)l 2 
SR BORDE, TT | 219 
(æx + iy)S+ 1 0 del) 
(æ+ iy)lz 1 0 El 
0 +1 
zl4 180 6) 
1 =2 +1, (-3) 
M2 (æ+iy)sz 1 0 2 
ul É 
zS 0 
$ Sj zq 
gs 0 1 +1, (3) 
(CR DE —1 | +1, (-3) 
0 (æx+iy)s— 1 0 + 
(c—iy)s+ | —1 0 +1 
Pal | 
| zl FA 1 i 
zs>( —1 —1 


3 (æ + iy) 3 0 i, 22 
SØ. mr 
2 z(x-+ iy)” 2 Ø 
W) il me 1% —3 
0 | +1 
i 2(æ + iy) 1 2 13 
==) za z=8 
(æ?+y?)(æ+iy)| 1 OF eres 
1 i 
zå oder ul 
0 3 3 
É =å 3 
Se DE HOS NE Eg 
il +1, —3 


Mul- 
fibers AK | Operator AAR PAN AN 
; HEHE REE) 
FS 2] 3 
sy KDE Hr DADLER 
(æ+ iy)?s+ 2 0 0, +2 
0 10, +2 
z(æ + iy)l4 2 PR KUSEDK ES) 
EO DEDE 
ØRENE 2 vær 
i 1 022 
+ 1 g 
ED FIDSS BEES el 7 
" (æ+ iy)?sz g PR 0 | 0, +2 
g er 
+ iy)? I il g g 
(æ + iy) 24410 eo ØER 
1 072 
z(x + iy)l f å 
( y)lz ken (DD 
1 0, 2 
; 32, (E) 
Zel 1 É 
g TE | 0D5-=D 
SE FEM ED) 
1 0712, (4) 
USE US) il BESS 
(+ y?)l4 2110 rr 
M3 (T + iy)?s— 2 0 02 
A i! 0, 2 
z(x+iy)s 1 É 
( Y)Sz apr or 
0 0 
SER 0 2 2 
—2 —2 
(æ2+y?)s4 | 0 0 om». 
A 0 |0,+2 
z(æ+iy)l— ør; 
Un ER ES nn 
SO DE ED (EN) 
0 0 
zl 0 2 2, 
25) =D 
(72 + y?)L, om 0 TØ 
0 2 O2 
z(æ+iy)s— al 5 
y) eg oo 
a il 0, 2 
z(x — iy)s | 2 
Yy)S+ så hen 
0 0 
z?Sz 0 2 P/ 
—2 —2 
(7? +y?)sz 0 0 0, +2 
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TABLE II. Selection rules for beta transitions in terms of the asymptotic quantum 
numbers N, n,, and Å. 


FEE EEEEEEEEEEEEEwzwz&&&&&Www&w&$&$&$&$C&$C$C$&C$C$C$C&cCQCCQCMMEMVMVTFTFEFEFFFYYEEEEEE 


Transition AK Operator AA Anz AN 
EEN AES] CA EE FS BACON Gode 
il 0 0 0 
0 
Allowed (a) Oz 0 0 0 
il om 0 0 0 
ERE EEE EN ES EDER RE SYET gø 
il 1 
be () 
—1 —1 
al 1 
0 027,02 Vz USE) er Ad ed 
0+(æT— iy), oc re —1 0 SET! 
First forbidden (1) 
o0—(x + iy), cv i (0 JET 
(T + iy) i 0 +1 
i: 
1 0+47, 0+ Vz 0 me eg 
i Cz(T+iy), 02 V 4 1 0 de Ti 
ORE EEG E PE ae ET ESS SD en need see sæson kerne. id, 
il it 
SLG g 4 =4 
0 : 
0 +(x— iy) —1 0 +1 
First forbidden with &-type 0—(x + iy) i 0 £1 
shape (1+) 1 i 
1 GJeg 0 Al i 
oz (æx E iy) 1 0 DE il 
2 o+(T +iy) 1 0 dell 


The organization of the table is identical to that of Table I. These selection rules were first given 
by G. ALAGA (1955 and 1957). 


TOoTABLE Lp 10: 

The entries of the table are ordered according to multipolarity and change in angular momentum 
component AK between initial and final states. Column three then contains the corresponding multipole 
operator. The selection rules in terms of A, the component of orbital angular momentum along the nuclear 
symmetry axis z”, N, the total number of nodes in the harmonic oscillator wave function, and Mys the number 
of nodal planes perpendicular to the z'-axis are given in columns four, six and five, respectively, The transitions 
in parenthesis are expected to be weaker than the other transitions indicated, by a factor proportional to 
& (see Appendix I in SGN). These rules have previously been discussed by S. G. NiLssoN (1955b), CHASMAN 


and RASMUSSEN (1956), and G. ALAGA (1957). 
It might at first be expected that the EA transition of an odd neutron should be appreciably slower 


than the corresponding transition of an odd proton. However, for E1, the center of mass correction implies 
Ze 
that the matrix element for a nucleon of charge CM is proportional to fø — Re) and is thus not significantly 


different in magnitude for a neutron and a proton. For E2 transitions, it is known that the last odd nuc- 
leon induces a quadrupole moment in the rest of the nucleus, which is responsible for an appreciable fraction 
of the transition intensity; this effect can be expressed in terms of an effective charge which can be roughly 


estimated to be egg” (€ + E , which is thus not too different for neutrons and protons. A similar effect 


is expected for EA transitions with 4 > 3. The situation with respect to the orbital contribution to odd- 
neutron MÅ transitions is not so clear. 
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In order to be able to discuss quantitatively the relative strength of gamma 
transitions, we define a hindrance factor H which measures the ratio of the observed 
lifetime to that expected for a single-proton transition, using the estimate of Mosz- 
kowskI (1955b). The summary of observed beta and gamma transitions, given in 
8 V and illustrated in Figs. 13—15, seems to indicate that the transitions which are 
classified as hindered, according to Tables I and II, are systematically slower than 
corresponding transitions which are unhindered. The hindrance is found to be on the 
average of the order of a factor of 100, but is appreciably greater in some cases. 


c) Alpha decay. 

In the region of heavy elements, the alpha-decay data provide an important 
source of evidence for the classification of the intrinsic states. The alpha decay of 
the even-even nuclei is known to follow a very regular systematics in which the life- 
time-energy relationship of the ground-state transition agrees well with the simple 
barrier penetration theory (for recent summaries, see FrRroman, 1957, and PERLMAN 
and RASMUSSEN, 1957). It is therefore convenient to compare the partial half-life, 
TØ, of the alpha group i in an odd-A nucleus, with the value 74% that would be ex- 
pected for a ground-state transition of the same energy in an even-even nucleus. We 
thus define a hindrance factor, F, as 


Fk. (4) 


It is found that the values of F range from 1 up to more than 10". However, there 
is in each odd-Å nucleus one transition with F— 1 (the favoured transition) and this 
transition leads to a state in the daughter which has exactly the same intrinsic con- 
figuration for the last odd particle as the ground state configuration of the parent! 
(Boxk, FROMAN, and MOTTELSON, 1955, and J. O. NEwton, 1955). There does not 
yet exist any detailed interpretation of the variations in the observed F-values asso- 
ciated with transitions in which the orbit of the last odd nucleon changes. 


d) Magnetic moments. 
The magnetic moment of a nuclear state characterized by I and K can be written 
sån TUGLÆNV SKE KS 

TE SHE TES] 


eye, (5) 


For K = 1/2, a slightly more complicated expression must be used (see, e. g., SGN). 
The rotational g-factor, g£, describes the ratio of charge to mass in the nuclear rota- 
tional motion and is expected to have approximately the value Z/A aside from shell 
structure effects and a possible systematic difference in the radial distribution of 
protons and neutrons. The intrinsic g-factor, 94, depends on the intrinsic configuration. 

The M1 transition rate between different states of a rotational band depends 


1 There are a few cases in odd-A nuclei in which two different alpha groups are observed with F— 1. 
These cases seem to occur in spectra where one expects two near-lying intrinsic states that are strongly 
mixed through the effect of the Coriolis force (cf. the alpha decay of U?% and Np227). 
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on (9x—9r)”? and, thus, a measurement of the absolute M1 transition rate and of 
the ground state magnetic moment makes possible a determination of gf and 92, 
separately. Å number of such determinations (cf. F. K. McGowan and P. H. STELSON, 
1957, and ABH) yield values of g£ which are on the average (9 2)aye Z 0.3, although the 
experimental accuracy is as yet rather poor. Also, recent direct determinations of g% 
(SCHARENBERG and GOLDRING, 1958) from magnetic moment measurements on states 
with K = 0, i. e., excited states in the rotational bands of even-even nuclei, yield a 
value of gr = 0.2 for Nd150, Sm152, and Sm!134, 

In the interpretation of the ground state magnetic moments, we have calculated 
Jx from the wave function of the last odd nucleon and assumed a value of g£ = Z/A 
for the collective g-factor. The uncertainty in the calculated value of the magnetic 
moment associated with the uncertainty in the assumed value of g£ is rather small. 
The calculated and measured magnetic moments are summarized in Table VII and 
Figs. 11—12. 


We shall discuss separately the level schemes for each mass number in the 
regions where the nuclei are known to have non-spherical equilibrium shapes. In the 
captions to the figures, we give the references to the experimental work from which 
the level schemes were taken. The abbreviations employed are: 


half-lives are given in y years, d days, h hours, s seconds; 

the Q values for the ground state transitions are indicated by Qg for beta decay, Q,, 
for electron capture decay, Q, for alpha decay; 

beta decay log ft-values are given for each beta group and are indicated by under- 
lining; 

hindrance factors for alpha decay, as defined in &$ Ilc, are given for each alpha 
group and are enclosed within curly brackets, id re 

exæcitation energies are given in keV except for the spectra with A = 25, where the 
unit is MevV; 

the spin I, parity II, and assumed K-value of the states are written at the side of 
each level in the order IKYIM; 

the classification of the intrinsic states is written in square brackets as [Nn, AX] (cf. 
the definition of these asymptotic quantum numbers in the Introduction). This clas- 
sification is usually written only for the first member of the corresponding rotational 
band. 


In order to indicate approximately the amount of experimental data available 
on a given nuclear level, we have, somewhat arbitrarily, assigned the following grades: 


Å: sufficient evidence available to establish the existence of the level and also to in- 
dicate quite strongly the spin and parity value. 

B: position of the level well established, but the available data does not uniquely 
determine the spin and parity. 

C: position of the level based largely on conjecture guided by established systematics 
or an energy fit with otherwise unassigned gamma rays. 
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In cases where the complexity of the full level scheme obscures the band struc- 
ture, we have drawn a seperate figure to illustrate the classification of the observed 


levels into rotational bands. 
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m=0 
Fig. 2. Single-particle levels in the regions 8 <Z <20 and 8 <N < 20, corresponding to the choice 
of potential parameters: u = 0 and x = 0.08. The corresponding wave functions are listed in (SGN). [This 
figure differs slightly from fig. 5 of (SGN) because of the different value of wx employed in the present paper.] 


B. Level schemes: 
a) Region of A— 25. 


A number of authors have recently discussed the application of the present 
coupling scheme to the interpretation of the nuclei ranging from F-9 to Si29 (Pau, 
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1956; Rakavy, 1957; SHELINE, 1956; BROMLEY et al., 1957; LITHERLAND et al., 1958). 
Although, in most cases, the experimental data are not sufficiently complete to 
provide a very critical test of the model, it appears that these considerations do 
provide a satisfactory basis for interpreting most of the available evidence in this region. 
The interpretation of the spectrum of F!9 in terms of this coupling scheme is especially 
interesting, since the spectrum of this nucleus has also been successfully interpreted 
on the basis of the spherical shell model (Exxiotr and Frowers, 1955; REDLICH, 
1955). A comparison of the two interpretations has led to a better understanding of 
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Fig. A = 25. 


The experimental data for Al? and Mg?5 have been systematically summarized by P. M. ENDT and 

C. M. BRAAMS, (1957), Revs. Mod. Phys. 29, 683. Additional data are given by LITHERLAND, GOVE, and FER- 

GusoN (1958), Bull. Am. Phys. Soc. II:3, 37. For a more detailed theoretical analysis, see LITHERLAND, 
McManus, PAUL, BROMLEY, and GoveE (1958), Canad. Journ. Phys. 36, 378. 
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Rotational bands of 
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Fig. A = 25 R. The figure contains the same data as Fig. A = 25, except that the rotational bands have 
been separated from each other. 


the relation between the collective and the independent-particle motions in the nucleus 
CPA SL OS OG EE Error 958) 

We shall not attempt, in the present section, to retrace the ground covered in 
the above papers, and shall therefore restrict ourselves to a brief discussion of the 


TABLE III. Comparison between the spectra of the mirror nuclei Mg% and A1?5, 


Excitation | 3 1? | 
EØN energy of === | 
Orbital Nucleus BE K member , a 
(MeV) (MEN) 
BER Mg25 0 1.38 —= 
Di ] A125 0 1.38 =— 
Mg?5 0.58 0.99 — 0.20 
Hi 
A125 0.45 1.02 — 0.02 
Mg25 2.56 0.90 — 0.42 
/2 2 
1132 200] A]25 2.50 0.91 — 0.56 
Mg | 4.26 BEER 
5 330 | 
FESD Aps 3.85 0.68 —3.2 


The table gives a comparison between the intrinsic parameters characterizing the different rota- 
tional bands occurring in both Mg?5 and Al?5, The orbital assignment of each intrinsic state is given 
in column one. The excitation energysat which each intrinsic state occurs in the respective spectra is 
listed in column three in units of MeV. The inertial parameter, 37?/J, of each rotational band is listed 
in column four in units of MeV, Column five exhibits the decoupling factor, characteristic of K=1R: 
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spectra for Å = 25, which illustrates the type of data and the nature of the classification 
that is possible in this region of elements. The nuclei with A = 25 provide an 
especially favourable example, since they lie near the middle of the region and, thus, 
the coupling scheme should be most applicable to them. In addition, the experimental 
data are much more complete for these nuclei than they are for any other nuclei 
in this region. 


TABLE IV. Branching ratios of M1 and E2 transitions within the ground-state 
rotational band in AP?5, 


Exp: Theor. 
T(E2; 9/2 — 7/2 
( i RR) 0.201 0:13 
T(E2; 9/2 — 5/2) 
T(E2; 9/2 — 7/2) 
0.02 + 0.01 0.012 
T(M1; 9/2 — 7/2) 
T(E2; 7/2— 5/2) 
mmm mmm mm 0.04 + 0.02 0.015 
T(M1; 7/2— 5/2) 


Ås was pointed out by ALAGA et al. (1955), the reduced branching ratios of transitions of a certain 
multipole order, 4, to members of the same rotational band depend only on simple f"geometrical” factors 
involving I and K of initial and final states in addition to 4. The theoretical prediction for E2 radiation is 
compared with the measured ratio in line one of the table (columns two and three give the experimental 
and theoretical values, respectively). The mixing ratio E2/M1 depends in addition on the ratio of the two 
intrinsic parameters Q, and Gy4 (see, e. g., SGN). The intrinsic quadrupole moment, Q,, was assumed equal 


to 0.44 barns (see the text), Gy; ; Was calculated = 8.1 on the basis of the wave functions of the present model. 


Lines two and three of this table exhibit a comparison between experimental and theoretical estimates, 
the latter based on the above parameters. 


The mirror nuclei Al?5 and Mg?5 have very similar spectra and we therefore 
limit ourselves to a detailed discussion of Al1?5 (cf. Fig. A = 25 and Table III for a 
comparison of the two isobars). 

The ground-state configuration of A1?5 js [202 5/2] (i. e., the intrinsic state of the last 
odd nucleon corresponds with the orbit N=2,n,=0,A4=2, K= 5/2, cf. Fig.2 for the 
calculated single-particle spectrum appropriate to this region) and two excited rotational 
states associated with this configuration have been identified. Assuming an intrinsic 
quadrupole moment of 0.4 x 1072 cm? (i. e., 6 — 0.3) as indicated by the hyperfine- 
structure measurements on Al?? and Na?3 (see STROMINGER, HOLLANDER, and SEABORG, 
19587, and by the inelastic electron scattering from Mg? (HELM, 1956), one can 
calculate from the intrinsic wave function the relative intensities and the M1—E2 
mixtures for the gamme rays within this rotational band; the results are compared 
with the available data in Table IV. 

The orbital [211 1/2] provides a low-lying excited intrinsic state in the A1?5 
spectrum and probably five states of the rotational band have been identified, although 


1 In the following, this reference is denoted by SHS. 
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TaBLe V. Classification of electromagnetic transitions in APS according to the K selec- 


tion rule. 


æ iti i É 
—— anty | intensny | fntensly | Classification 
É olari i 
Initial state Final state p Y 
EET —-leefEEE E e—————— 
3/2 1/2+ [211] 1/2 1/2+ [211] M1 58 91 
5/2 5/2+ [202] M1 < 42 == 9) K-forbidden 
5/2 1/2+ [211] 3/2 1/2+ [211] M1 30 93 
1/2 1/2+ [211] E2 50 — (ii) 
5/2 5/2+ [202] M1 20 i K-forbidden 
1/2 1/24 [200] 3/2 1/2+ [211] M1 12 25 
1/2 1/2+ [211] M1 88 HD 
5/2 5/2+ [202] E2 SR 2 — 
3/2 1/2+ [200] 5/2 1/2+ [211] M1 40 94 (i) 
SØ TUØNE FØR ISU M1 EB) eu (i) 
1/2 1/2+ [211] M1 30 4 (i) 
5/2 5/2+ [202] M1 30 2 K-forbidden 
7/2 1/2+ [211] 5/2 1/2+ [211] M1 20 99 
3/2 1/2+ [211] E2 70 — (ii) 
7/2 5/2+ [202] M1 not obs. not obs. K-forbidden 
5/2 5/2-+ [202] M1 10 1 K-forbidden 
3/2 1/2— [330] 5/2 1/2+ [211] E1 SR <115 
3/2 1/2+ [211] ER 9 14 
1/2 1/2+ [211] E4 78 65 
5/2 5/2+ [202] E1 13 7| K-forbidden 
7/2 1/2— [330] 5/2 1/2+ [211] E1 70 96 
7/2 5/2+ [202] E1 not obs. not obs. K-forbidden 
5/2 5/2+ [202] E1 30 4 K-forbidden 
1/2 1/2— [330] 1/2 1/2+ [200] E1 13 63 
3/2 1/2+ [211] El 58 28 (i) 
VA 2 [211] El 29 9 (i) 
5/2 1/2+ [200] 7/2 1/2+ [211] M1 6 30 (i) 
3/2 1/2+ [200] M1 9 40 
SØ UDE NØNN Mi 5 5 (i) 
7/2 5/2+ [202] M1 4 3 K-forbidden 
SP UDE SE PA lab] M1 60 20 (i) 
1/2 1/2+ [211] E2 5 — 
5/2 5/2+ [202] M1 9 1 K-forbidden 


(i) These transitions exhibit considerable variations in intensity despite their interpretation as leading 
to different states of the same rotational band. In cases such as these with 4 > K; + Kf, such an effect 
can arise from a cancellation between the transition amplitudes for K; — Kf and for K; > — Kf (cf. ALAGA 
et al., 1955). LITHERLAND et al. (1958) present a quantitative interpretation of these relative intensities 
in terms of this effect. 

(ii) These very strong E2 transitions connect states within the same rotational band. 


The table compares the relative intensities of the gamma transitions from the different levels of A125, 
The first column gives the classification of the initial state, while the second column shows the classification 
of each final state that is populated from this level. The multipolarity and relative intensity of the transitions 
are listed in the next two columns. The fifth column gives the reduced relative intensity obtained from the 
experimental value of column four by dividing with the theoretical energy dependence E2Å41, The last 


column indicates the transitions which should be K-forbidden according to the classification of columns 
one and two. 
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there is some uncertainty about the spin of the 4.04 MeV level. (Recent experiments 
indicate that the spin of the state in question is either 5/2 or 9/2.) The decoupling 
parameter calculated for the orbital (211 1/2] and the above eccentricity is a = 
0.0, while the value obtained from the observed energies of the first three states is 
dexp = — 0.02. The calculated value is quite sensitive to the value of the nuclear 
eccentricity. 

Starting at 2.50 MeV, a second rotational band with K = 1/2+ is observed. This 
band corresponds quite well with the orbital [200 1/2] (cf. Fig. 2). The calculated de- 


coupling parameter is a = —0.2, while the measured rotational energies determine the 
value dexp = 70.56. Also in this case the calculated value of a is quite sensitive to the 
eccentricity. 


The first odd parity state in Al?5 occurs at 3.09 MeV and appears to be associated 
with a rotational band characterized by K = 1/2— and a large negative decoupling 
parameter. These properties correspond well with the expected configuration [330 1/2]. 
The calculated value of the decoupling parameter is a + —3, which can be compared 
with the value deduced from the observed rotational energies a,,, > —3.2. The de- 
pendence of a4neg 2n the assumed' eccentricity may be studied in Table VIII. The 
moment of inertia of this band is considerably greater than that of the lower-lying 
rotational bands, in agreement with the much greater intrinsic angular momentum 
associated with this orbital (cf. Table VI). 

Above 4 MeV, the spectrum of Al?5 is not as well studied and, in addition, one 
must expect in this energy region to encounter intrinsic states which represent the 
excitation of more than one particle. (cf., e. g., the 4.23 MeV state in Mg27). However, 
it is probable that the levels observed at 4.22 MeV and 4.60 MeV in Al?5 represent 
states in a rotational band built on the [211 3/2] orbital. From the spectrum of Na?3 
it is known that the states in this band are considerably perturbed due to the Coriolis 
coupling to the [220 1/2] band which should lie at an excitation energy about 2 MeV 
higher; this coupling-has the effect of bringing the I ="3/2 and I= 5/2 members of 
the band relatively close together followed by a considerable gap to the I = 7/2 state 
(CM RAK AV VS 11957): 

Besides the interpretation of the observed spins and parities of these levels, one 
may employ the classification to interpret the observed gamma-ray transition intensities 
and the reaction widths. We shåll not attempt a detailed discussion of these points 
since they have recently been treated very systematically (LITHERLAND et al., 1958). 
It is possible, however, to note immediately a very strong influence of the selection 
rules associated with the quantum number K. Thus, for example, the 0.95 MeV level 
decays by M1 radiation both to the 0.45 MeV level and to the ground state. The latter 
transition is, however, K-forbidden (since AK = 2) and indeed the reduced transition 
probability is about a factor of 10 smaller than for the transition to the 0.45 MeV level. 
The gamma-ray branching ratios are collected in Table V, from which one can con- 
clude that the K-forbidden transitions are systematically a factor of from 10 to 100 


weaker than transitions that are not thus forbidden. 
3% 
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b) Region of elements 150 <4A<190. 

The sharp increase in the nuclear eccentricity in going from neutron number 
N = 88 to N = 90 is a very striking feature of the nuclear systematics in this region 
of elements (for references to the experimental data, cf. MN). It can be understood 
in terms of the nuclear shell structure for these configurations, which implies the 
existence of two minima in the curve of nuclear energy as a function of the eccentricity, 
6. (See & IV and also Fig. 12). In passing from N = 88 to N = 90 the absolute energy 
minimum shifts from the local minimum associated with the lesser to that associated 
with the greater eccentricity, probably as a consequence of the filling of the [660 1/2] 
orbital. This interpretation of the rapid change in the ground-state distortion implies, 
however, that even for N = 90 we may encounter excited intrinsic configurations 
associated with the minimum at smaller eccentricities. It should be expected that, 
when this happens, there will be an important effect on transition probabilities; thus 
transitions involving a major change in the nuclear shape should be slowed down 
by a mechanism which is the analogue of the Frank-Condon principle known in 
molecular spectra. 


AÅA = 153. 

It appears that in 63Eu"53 (with N = 90) the ground state (K = 5/2+), the 103 kev 
(K = 3/2+), and the 710 keV (K = 1/2+) intrinsic states are associated with the larger 
values of the nuclear eccentricity (å — 0.3), while the 98 keV (K = 5/2—) state may 
have the smaller eccentricity. 

The 63Eu!53 ground state spin is measured to be 5/2; from Fig. 3 it can be seen 
that, for deformations around å — 0.3, one expects the orbital [413 5/2] to represent 
the ground state for nucleon number 63. This state also accounts reasonably well for 
the measured magnetic moment of Eu!53 (see Table VII). The rotational band based 
on the ground state has levels at 83 keV (I = 7/2+) and 190 keV (I = 9/2+) which 
have been especially studied by means of Coulomb excitation. 

The first excited intrinsic excitation in Eu!533 occurs at 98 keV and has been 
shown to decay to the ground state by an E1 transition. One may thus identify this 
level with the [532 5/2] state which would be the lowest orbital at smaller values of 
the eccentricity and which is known to be the ground state of Eu!51, The E1 transition 
from this level to the ground state should be appreciably retarded as a consequence 
of the selection rules in the asymptotic quantum numbers as well as the change in 
the nuclear equilibrium shape. 

The other low lying intrinsic state expected for Eu!53 is [411 3/2] (see Fig. 3) 
and the available evidence is consistent with assigning the observed level at 103 keV 
to this configuration. The level at 172 keV is identified as the I = 5/2+ member of 
the rotational band based on this state. The rotational energy parameter is 3 52/39 = 83 
keV for this band, compared with 32/3 = 72 keV for the ground state band. The 
identification of the 172 keV level as a rotational partner to the 103 keV level is further 
supported by the fact that it decays to the latter by an essentially unhindered M1 
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transition, while its M1 decay to the ground state is hindered by the factor H + 6 x 103, 
which is of the same order of magnitude as the hindrance of the transition from the 
103 keV level to ground. 

These strong hindrance factors for M1 transitions between the intrinsic states 


SSD 
BRAD 
E: 
FREE ' V2+ 3/2+ 11/2- 
—5/2+ [402] 
—9/2-— [514] 
57/2 [4047] 
51/2 
550 
d 3/2 


- 7|2—- [523] 
—— 
5.25 ie 
me LE —3/2+ [4111 
Ka SE —5/2+ [413] 
2 


Dags? 
55251532] 
5.00 
NS: 


AA  3/2+ [422] 


—1/2+ [420] 


g 9/2 1/2+ [431] 1/2- (5507 772- [541] 


(9) 2 4 S my 


Fig. 3. Single-particle levels for odd-Z nuclei in the region 50 <Z < 82. The corresponding wave func- 
tions are found in table I (N —= 5) and table Ia (N = 4) of (SGN). The calculated wave functions 
correspond to the parameters u = 0.55 for N = 4 and u = 0.45 for N = 5. In comparing with the ex- 
perimental data, it was found that the high-angular-momentum states of the N = 5 shell occurred system- 
atically at lower excitation energies than would correspond to these parameters. Therefore, in constructing 
the figure, all odd-parity states have been plotted at an energy of approximately 400 keV lower than cor- 
responding to these parameters. This corresponds to using a u-value approximately equal to 0.50 for the 
levels belonging to the N = 5 shell. 


[411 3/2] and [413 5/2] are seen to be in accord with the selection rules associated 
with the asymptotic quantum numbers. 

A level at — 710 keV in Eu! has been observed following the beta decay of 
Sm"53, This state is observed to decay by gamma transitions to the 103 and 172 kev 
levels. The evidence about this state is not very complete, but it may tentatively be 
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identified as the expected [411 1/2] orbital. If this is correct, there should be two 
close lying states populated by beta transitions (the I = 1/2+ and I = 3/2+ members 
of the rotational band); the energy difference between these two states might be of 
the order of 10 keV (see A = 169). According to the asymptotic selection rules, these 
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Fig. 4. Single-particle levels for odd-N nuclei in the region 82 < N < 126. The corresponding wave 
functions are those of table I of (SGN), which corresponds to u = 0.45 for N = 5 and 6. The energy level 
diagram has been plotted employing x = 0.05, as in fig. 5 of (SGN). 


levels should decay strongly by M1 radiation to the 103 and 172 keV levels, but not 
to the ground state. 

The one other level in Fig. 3 that might be expected to occur in Eu!s3 pelow 
about 500 keV is the [523 7/2] orbital. The fact that it has not been observed so far 
is not surprising, since it would require a second forbidden beta transition from Sm/53, 
and there is probably not enough energy available to populate it in the Gd!53 decay. 

The decay of 625m158 js found to populate only states in Eu!53 with spin 5/2 or 
less, except for the very weak branch leading to the 83 keV 7/2+ level. This is con- 
sistent with the assignment of I = 3/2— to Sm153; this state may then be identified 
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with the orbital [521 3/2], which is the expected ground state for N = 91 in the region 
of deformations då — 0.25. The beta decay to the ground state of Eu!53 is then classified 
as Ih with an observed log ft = 7.3, while the weak transition to the 83 keV member 
of the ground state rotational band is 1% h. The transitions to the VOSTOK AV 
levels with log fi = 6,8, 6.7 and 6.5, respectively, are all classified as 1u. The expected 
transition to the I = 7/2+ member of the K = 3/2+ rotational band would be 1fu; 


91 153 


Rotational bands in Eu'? 
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il: Denotes states associated with a smaller nuclear deformation 
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The Coulomb excitation of Eu", the beta decay of Sm"53, and the electron capture decay of Gd!53 have 
been extensively studied in a number of laboratories. The results of these investigations are summarized in 
Nuclear Data Cards, National Research Council, Washington D. C., ed. C. L. McGINNIs (in the following 
referred to as NDC), and in STROMINGER, HOLLANDER, and SEABORG (1958), Revs. Mod. Phys, 30, 585, in 
the following referred to as SHS. There remain, however, considerable disagreement and uncertainty about 
theFproperties'of ther710'keVv level of Eu; 


this level should occur at — 269 keV and should thus be populated to the extent of 
a few tenths per cent of the beta decays. Finally, the 98 keV level is populated very 
weakly in the Sm153 decay, since such a transition involves a considerable change in 
the nuclear shape. 

The Gd158 ground state probably has a relatively small eccentricity (N = 89) 
and may therefore not be described too well by the nuclear coupling scheme employed 
in the present discussion. If, however, we try to use Fig. 3, we would expect the Gd?53 
ground state to have I = 3/2+ corresponding to the orbital [651 3/2]. Such a character- 
ization does not account too badly for the observed decay properties. The decay to 


the 98 keV state in Eu”53 has log ft + 6.8 and is classified as 1 h. The transitions to the 
AX 
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ground state, 103 and 173 keV levels are ah and in addition very much retarded by 
the change in the equilibrium shape which is involved. The decay to the 83 keV level 
is not observed since it would be second forbidden. 


Å = 155. 


The ground state spin of 64Gd55 has been measured to be T€ 32 bothkthe 
spin and the magnetic moment are consistent with the assignment of the orbital 
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Fig AY=3155. 
The decay scheme following the beta decay of Eu'%5 is taken from F. BoExam and E.N. HatcH (1957), 
Bull. Am. Phys. Soc. 11:2, 231. For references to earlier work as well as to the Coulomb excitation of Gd155, 
see NDC. Recently, the Tb55 decay has been studied by MIHELICH, HARMATZ, and HANDLEY (1957), Phys. 
Rev. 108, 989; by WARD, JACOB, and MIHELICH (1957) Bull. Am. Phys. Soc. 1I:2, 259, and by DJELorov, 
PREOBRADJENSKY, and SERGIENKO (1958), Izvest. Akad. Nauk. 22, 791. Note that the log fé-value of the 
ground-state beta branch should be 8.7 and not 7.7! 


[521 3/2] which, according to Fig. 4, is the lowest configuration for N = 91 and 6— 0.25. 
The I = 5/2— and I = 7/2— rotational states associated with this intrinsic state occur 
at 60 keV and 146 keV, respectively. 

Low-lying even-parity intrinsic excitations occur at 87 and 105 keV in Gd?55, 
and it is probable that these levels correspond to the expected [642 5/2] and [651 3/2] 
orbitals. However, the available data do not seem able to indicate which of the two 
orbitals is to be assigned to which of the two levels. According to Fig. 4, the configuration 
[523 5/2] might also be expected to occur as a fairly low-lying excited state in Gd155, 

The ground state of 63Eu755 should be [413 5/2] in analogy with Eu!53, The beta 
decay from this state to the Gd!55 ground state rotational band is then classified as 
1h in agreement with the evidence that the log ft-values are — 9. The decay to the 
[642 5/2] and [651 3/2] states would be ah, which is not inconsistent with the observed 
log ft = 7.3 for the transitions to the 86 and 105 keV levels. 
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The 65Tb155 electron capture decay has recently been studied and found to be 
very complex. Although the interpretation of this decay is not yet clear, we can on 
the basis of Figs. 3 and 4 say that we expect the Tb155 ground state to be the [411 3/2] 
orbital and that this state should then decay mainly to the [521 3/2], [642 5/2], and 
[651 3/2] states in Gd155, It is possible that the [660 1/2] and [521 1/2] states might 
occur at a somewhat higher excitation energy and might also be populated. 


SEu” 15h Q,—1700 


157 
5 5/,+[413] (3 SE [521]) SDy 82h 


(C) 327(5/2 5/2-[532]) 


144 7 %o+ 


61 5/2 3/2+ 
0 3232+[411] 


7» 3/2- 
5/2 3/2- 
33-52 0 


== 57 27 
6 ( 3d E b 


Fristat =15 72 
The" Coulomb”excitation "studies "of "Gd77" are summarized im "NDG and SHS: The characteristics of 
the Eu!” decay have been very roughly established by L. WINSBERG, Radiochemical Studies; the Fission 
Products, Book II, National Nuclear Energy Series (McGrRAwW HI111, 1951). The levels in Tb", following the 
Dy!” decay, are based on recent measurements by MIHELICH, HaRmMATzZ, and HANDLEY (1957), Phys. 
Rev. 108, 989. 


A= 1597: 

The ground state of 4$4Gd?75” is found to have the same spin and approximately 
the same magnetic moment as Gd"55, The orbital [521 3/2] is, therefore, also assigned 
to Gd157, The identity of the ground state configurations for these nuclei is further sup- 
ported by the similarity of the excitation energies and branching ratios observed in 
Coulomb excitation studies of the two isotopes. The fact that the orbit [521 3/2] ap- 
pears as the ground state for both N = 91 and 93 may be associated with the fact 
that, in Gd?57, the eccentricity is known to be somewhat greater and thus the orbitals 
[521 3/2] and [642 5/2] may have interchanged their relative order in going from one 
isoiopeltorthelnextt (eis Indeed the three orbits [6425572] [5218372 and 
[523 5/2] are all so close together in this region that some irregularity in the order in 
which they are filled might not be unexpected. One expects, of course, that the con- 
figurations [642 5/2] and [523 5/2] will occur as low lying excited states in Gd!57, 
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The evidence on the beta decay of 63Eu!57 is very incomplete. The reported 
log ft = 8.0 for the transition to the Gd15” ground state is consistent with the expected 
[413 5/2] assignment for the Eu!57 ground state which would imply a 1h transition. 
The transition from Eu!55 to the Gd!55 ground state involves the same orbitals and 
is observed to have log ft = 8.7. 

The 66Dy!5? electron capture decay populates a level in 65Tb157 at 327 keV which, 
from its decay into the levels of the Tb ground state rotational band, appears to have 
I = 5/2. This level is tentatively assigned the configuration [532 5/2] as for the similar 
excited state observed in Thb159, This assignment receives some further support from 
the fact that, if we take the Dy"57 ground state as [521 3/2], as for Gd155, then, according 
to Fig. 3, the [532 5/2] and [541 3/2] orbitals are expected to be more strongly populated 
in the Dy!5? decay than any others available in this region of excitation. At a somewhat 
higher excitation energy, one might also populate the [411 1/2] state. 

The decay of Tb137 has not been observed, and it has been established that the 
half life is either >25 y or <10 m. A short half-life is not expected according to syste- 
matics. The experimental data together with the orbital assignments thus suggests that 
the transition energy is of the order of 20 kevV. 


A=3159; 

The spin of the ground state of 65Tb159 is measured to be 3/2. This state is iden- 
tified with the orbital [411 3/2] which is the expected lowest configuration for Z = 65 
(see Fig. 3) and which also accounts fairly well for the observed magnetic moment. 
The first two rotational levels associated with this configuration have been found by 
means of Coulomb excitation at 58 and 138 keV. 

An odd-parity intrinsic excitation at 364 keV in Tb759 js populated in the 64Gd!59 
decay. The decay of the 364 keV level suggests that it has I = 5/2 and it is accordingly 
classified as [532 5/2]. The relative intensities of the gamma rays leading to the dif- 
ferent members of the ground state rotational band are in serious disagreement with 
the simple intensity rules. Thus, the transition to the 3/2, 5/2, and 7/2 states are pre- 
dicted to have the relative intensities 1:0.26:0.017, while the observed values are 
1:0.011:0.028. Since these transitions are strongly hindered by the asymptotic selection 
rules (cf. Table I), such deviations may possibly be interpreted as associated with 
the expected slowness of the transitions (see & II A). 

Besides the states that have so far been identified, we would expect the orbitals 
[523 7/2] and [413 5/2] to occur as low-lying excited states in Thb159, 

On the basis of Fig. 4, it is difficult to tell whether the orbit [642 5/2], [523 5/2] 
or [521 3/2] should be the ground state of Gd159 (see also the spectrum of Dy!61 where 
all three of these orbits appear within an interval of 75 keV). The experimental data 
on the decay of Gd1%9 seem to argue against [523 5/2], but do not conclusively decide 
between the [642 5/2] or the [521 3/2] assignments. In either case, the observed beta 
groups with log ft values of about 6.5 are classified as ah and 1u. The conspicuous 
weakness of the transition to the 7/2+ member of the ground-state rotational band 
in Tb159 may somewhat favour the assignment [521 3/2]. 
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67H0159 (not shown) has been reported to decay into 66Dy"59 by electron capture 
with a half life of 33 min (K. Toru and J. Rasmussen, 1957). Even assuming a decay 
energy of 2.5 MeV, this implies a log ft of less than 5 and thus indicates an autransition. 
This is consistent with the expected [523 7/2] assignment for the Ho159 ground state 
(see the other Ho isotopes) and a decay to the orbital [523 5/2] which should be a 
low lying excited state in Dy!59, 


koav ten Q=948138 ED] 


(5/2 5/2- [532]) 


7/2 3/2+ 


5/2 3/2+ 
0%— 3/2 3/2 + [411] 


ES SA 1159. 
For references to the experimental data, see NDC and SHS, as well as the recent work by NIELSEN, 
NIELSEN, and SKILBREID (1958), Nucl. Phys. 7, 561. 


Å = 161.” 

The ground state spin of 66Dy"61 is 5/2 and, according to Fig. 4, we might assign 
either the orbit [642 5/2] or [523 5/2]. Coulomb excitation studies of this nucleus 
have shown that the ground state rotational band has an exceptionally large moment 
of inertia (3f?/3 = 38 keV compared, for example, with 3f2/3 (Dy160) = 87 keV). This 
unusually large moment clearly identifies the ground state configuration as [642 5/2] 
(cf. & III). A further test of this classification would be provided by a measurement 
of the sign of the magnetic moment, since the assignment [642 5/2] predicts a negative 
value, while [523 5/2] would imply a positive one.? 

According to Fig. 4, we would expect the orbitals [523 5/2] and [521 3/2] to 
provide low lying excited states in Dy!61, Indeed, two intrinsic excitations have been 
identified and both have been shown to have an opposite parity to that of the ground 
state. The observed properties of these states are quite well accounted for by assigning 
the orbital [523 5/2] to the rotational band whose lowest state occurs at 26 keV and 
the orbital [521 3/2] to the intrinsic excitation occuring at 75 keV. Two rotational 

1 An interpretation of the spectrum of Dy"?! similar to that suggested below has recently been given 


by Bés (1958). This reference also contains more detailed estimates of the transition matrix elements with 


inclusion of the Coriolis effect. 
2 Note added in proof. A recent measurement by J. G. PARK (1958), Proc. Roy. Soc. 245, 118, has 
given the value u = —0.4 for the magnetic moment of Dy"t, 
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For the Gd1él decay, see L. C. ScHMID and S.B. BursonN (1957), Bull. Am. Phys. Soc. II:2, 341. There 

exists in the literature conflicting evidence concerning the Tb7% decay into Dy! (see SHS and NDC). 

We have followed here the decay scheme proposed by CorK, BRICE, SCHMID, and HELMER (1956), Phys. 

Rev. 104, 481, M. VERGNES (1958), Journ. Phys. Rad. 18,579, GREGERS HANSEN, NATHAN, NIELSEN, and 

SHELINE (1958), Nuclear Phys. 6, 630. References to the Coulomb excitation measurements may be found 

in NDC. The levels populated in the Ho" decay have been constructed on the basis of the transitions ob- 
served by MIHELICH, HARMATZ, and HANDLEY (1957), Phys. Rev. 108, 989. 
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states have been observed associated with the former and one with the latter of these 
configurations. 

Both the [521 3/2] and [523 5/2] orbitals are observed to decay by very hindered 
E1 transitions to the [642 5/2] ground state configuration of Dy!% (H— 105 and 
H — 10% for the former and latter transitions, respectively). The M1 transition from 
the [521 3/2] to the [523 5/2] level is observed to be somewhat retarded (H »— 70), 
which is also in agreement with the asymptotic selection rules. 

Besides the levels that have been identified so far, one might also expect, ac- 
cording to Fig. 4, the orbitals [651 3/2] and [505 11/2] to provide excited configurations 
in Dy" although, possibly, at somewhat higher excitation energies (for a discussion 
of the latter configuration, see A = 163). 

The H0161 ground state is expected to be [523 7/2] as for the other Ho isotopes 
and, thus, the electron capture decay should proceed by an au transition to the states 
of the [523 5/2] band in Dy?$, This expectation appears to be consistent with the 
somewhat incomplete data that is available on this decay.?! 

The 65Tb7161 ground state is expected to be [411 3/2] as for the other Tb isotopes. 
The beta transitions from this state to the [642 5/2] and the [521 3/2] states in Dy!é1 
are thus classified as ah and 1u, respectively, which is consistent with the observed 
log ft values of 7.8 and 6.8. The transition to the [523 5/2] state has not been observed, 
which implies log ft>8, which is also consistent with the fact that this transition is 
classified as 1h. 

Besides the ground state rotational band, a number of excited intrinsic states 
in Tb161 have been observed in the beta decay of 64Gd"61, The most striking of these 
is the state at 418 keV which is populated by a beta transition with log ft + 4.8. This 
transition clearly must be classified as au and thus identifies the Gd161 ground state 
as [523 5/2] and the 418 keV state in Tb161 as the [523 7/2] orbital which is indeed 
expected at about this excitation energy. The [523 7/2] state in Tb161 decays by gamma 
transitions, partly to excited levels in the ground state rotational band, and partly to 
a level at 316 keV. We have tentatively assigned this last as either [413 5/2] or [532 5/2] 
since both these levels are expected in approximately this region of excitation. 
The latter of these orbitals is indeed observed at about this excitation energy in Tb159 
and possibly in Thb757, Additional levels at 482 and 583 keV in Tb161 have been re- 
ported, but so little is known about them that it does not seem possible as yet to make 


a classification. 


ÅA = 163. 
The 66Dy763 ground state spin has been measured to be 5/2 and one again has 
the two possibilities [523 5/2] and [642 5/2] as width Dy7$, In Dy1é, however, the 
moment of inertia of the ground state rotational band is much smaller than in Dy"61 


1 Note added in proof: MixeLicH, HARMATZ, and HANDLEY (1958, Bull. Am. Phys. Soc. II:3, 358) have 
recently found an isomeric state at 211 keV in Ho", Indeed, the [411 1/2] orbital is expected as a low-lying 
configuration and should give rise to isomerism just as in Ho7%? and possibly Ho", The transition is thus 
expected to be E3. 


30 Nr. 8 


(352/3 (Dy!6) = 66 keV; 32/3 (Dy!61) = 38 keV) and the gamma-ray branching ra- 
tios within the rotational band are very different from those of Dy?$, It thus appears 
that the Dy!%3 ground-state configuration is [523 5/2]." 

The H0163 ground state is expected to be [523 7/2] as for the other Ho isotopes. 
Thus, the electron capture decay to the Dy!6 ground state should be au. 

The 67H0/63 half life has been reported as 5d, which would be consistent with 
this assignment if the disintegration energy were about > 200 keV. Such a low value 
might not be unexpected from the systematics of nuclear masses in this region. It is 
also expected that the 74 keV state in Dy!6%3 will be populated in the Ho!8 decay. 
5/2 5/2- 1523 —Er, 75m 


z 


305 —085 (8) 1721/2+[417] 


9/2 5/2- 167 (A) 
(B) 7/2 Y/2- 
7/2 5/2- 74 (A) 0 EFA: [2 Y2- [523] 
5/2 5/2- [523] 0 [A) 
Boye 


FigfAr=163: 
For references to the experimental data, see NDC and SHS. The Ho decay has not been observed. 
For limits on the lifetime of this decay, see T. H. HANDLEY (1954), Phys. Rev. 94, 945. 


Å 0.8 s. E3 isomer in Ho!% has been produced in the Ho!6(7, 27) Teaction" 
This state, at 305 keV, thus corresponds well with the [411 1/2] orbital which, ac- 
cording to Fig. 3, is indeed expected in just this region. The transition is rather hindered 
(H = 107), which is consistent with the selection rules implied by the asymptotic 
quantum numbers. 

The 68Er-68 Jifetime has been reported as 75 m, which probably implies an au 
transition. This would in turn require the assignment [523 5/2] also to the Er!é&å 
ground state. 

It is interesting that the low energy spectra of the odd-neutron nuclei with N = 91 
to 95 are all quite nicely accounted for by the rotational bands associated with the 
expected orbits [521 3/2], [523 5/2], and [642 5/2]. However, according to Fig. 4, one 
might also expect the orbit [505 11/2] in this region. This orbit has not so far been 
observed, which is perhaps not unexpected, since its high spin implies that it would 
not usually be populated in the beta-decay process. Its identification none the less 
remains an interesting problem, especially since the interpretation of the strong 


i Note added in proof: The value of the magnetic moment has recently been determined as 
u= 0.5 (J. G. PARK, 1958, Proc. Roy. Soc. 245, 118), which strongly supports the suggested classification 
(see the discussion on Dy"t1), 
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discontinuity in the nuclear eccentricity at N = 90 depends in such an important way 
on this orbit. It is possible that one might observe the [505 11/2] configuration as a 
short lived isomer following a reaction such as (y, æn) on some isotope in this region. 


Å = 165. 


The ground-state spin of 67H0165 has been measured to be 7/2. This is in agree- 
ment with what one would expect from Fig. 3 which predicts the [523 7/2] state as 
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The Coulomb excitation data is reviewed in ALDER, BoHR, Huus, MoOTTELSON, and WINTHER (1956), 

Revs. Mod. Phys. 28, 432, hereafter referred to as ABH. The properties of the levels populated by the decay 

of Dy"% and Dy!é5m are uncertain to some extent. The available data come mainly from the work of JORDAN, 

Cork, and BursoN (1953), Phys. Rev. 92, 1218, see also SHS. The levels in Er" populated in the decay of 

Tm?é5 are constructed from the transitions recently observed by MIHELICH, HARMATZ, and HANDLEY (1957), 
Phys. Rev. 108, 989. 


the lowest configuration for Z = 67. The rotational band based on this configuration 
has states at 95 keV and 212 keV which have been studied by Coulomb excitation. 
The rotational energy parameter for this band is 3A?/3 = 63 keV, which is somewhat 
smaller than for neighbouring odd-proton configurations (compare, e. g., Tb159 with 
3 52/3 = 70 keV for the ground state band and Tm?69 with 32/3 = 74 keV). This dif- 
ference is a consequence of the large intrinsic angular momentum associated with 
particle motion in this orbit (i. e., the wave function contains a very large component 
of j= 11/2, see $ III for further discussion of this point). 

Fig. 4 is apparently in error in predicting the [521 1/2] level,to be below the 
[633 7/2] level. In every case where clear-cut experimental evidence is available, the 
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latter level is found to lie somewhat below the former (see, for example, the low levels 
of 2%Dy165, or the ground state spins of $4Er% and TC GYD171). 

Thus, the ground state of 66Dy!% corresponds well with the expected properties 
of the orbital [633 7/2]. The beta decay to the ground state of H0165 js classified as 1u 
and is observed to have log ft — 6.2. The Dy!6 ground state also appears to populate 
a number of higher-lying excited states in Ho016, Not enough is known about these 
states, however, to make possible a classification at the present time. The configurations 
which might be expected according to Fig. 3 and which should be populated directly 
in the Dy!6% ground state decay are [413 5/2], and at a somewhatfhigher excitation 
energy [404 7/2] and [532 5/21. 

The 108 keV, 1.2 min isomeric level of Dy"% corresponds well with the [521 1/2] 
orbital. It decays by a hindered E3 transition (H — 102) to the [633 7/2] ground state 
configuration. 

According to Fig. 3 and the known spectra of neighbouring odd-proton nuclei, 
one would expect the [411 1/2] and [411 3/2] orbitals to occur as excited states in 
Ho!65 at about 400 keV. The beta transitions to these states from the Dy!65 isomer 
would be 1u and thus might be expected to occur in about 0.1 %/, of the decays of 
the isomer. Beta transitions from 1.2 min Dy!%5 have been reported, leading to levels 
in this region, but again not enough is known as yet about the decay scheme to make 
further identification possible. 

One might expect the 68Er!65 ground-state configuration to be represented by 
the [523 5/2] orbital (just as for the Dy!6 and Gd161 ground states). In this case, the 
electron-capture decay to Ho should go entirely to the ground state by an au transition. 
In order to be consistent with log ft S 5, the 10 hr half-life would imply a disinte- 
gration energy of less than 0.5 MeV. 

The electron-capture decay of 69Tm-6%5 has been studied, and a number of 
gamma transitions have been reported. In the figure (A = 165), these transitions have 
been tentatively arranged in a manner consistent with the expectations of the present 
model. Thus, the Tm1é5 ground state is expected to be [411 1/2] as for the other Tm 
isotopes, and the levels directly populated in Er!% should have low spin. According 
to Fig. 4, the low spin orbitals available are [521 1/2] and [521 3/2]. A sequence of 
three levels, beginning at 243 keV in Er"6, resemble very closely the rotational band 
expected for the former of these configurations (compare the ground-state rotational 
band of 70Yb171), In addition, a level at 357 keV has been tentatively classified as the 
[52 ESPN orbital 


A'= 167. 
The ground-state spin of 68Er167 has been measured to be 7/2 and the magnetic 
moment is also fairly well accounted for by the assignment [633 7/2] which is found 


to be the lowest configuration for all nuclei with N = 99 (see the comments in con- 
nection with -Dy165), 


The rotational band based on the ground-state configuration has been studied 


Nr. 8 « Bis) 


by Coulomb excitation. It is found that the moment of inertia is somewhat greater 
than in neighbouring odd-neutron nuclei, (352/3 (Er!6?) = 52 keV, compared, for 
example, with 32/3 (Yb171) = 73 keV), which is consistent with the assigned configu- 
nation (CfÆSTILD); 

The first intrinsic excitation in Er76%? occurs at 208 keV and is an isomeric level 
with 2.5 sec. half-life. This level corresponds with the [521 1/2] orbital which is also 
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For references to the experimental data, see SHS and NDC. Many parts of the decay scheme are as 
yet quite uncertain. The most well-established features are the ground-state rotational band of Er'%, which 
is studied by Coulomb excitation, and the 208 keV isomeric level, which is populated in the decay of Tm167 
in the Er(yn) reaction, C. L. HAMMER and M. G. STEWART (1957), Phys. Rev. 106, 1001, and Er(n») reaction, 
CAMPBELL, KAHN, and GOODRICH (1951), ONRL — 1164. The lifetime of the 264 keV level of Er”% has been 
measured by BERLOVICH, GROTOVSKY, BONITS, and GORODINSKY (1958), Journ. Exper. Theor. Phys. 34, 264. 


responsible for isomerism in Dy!é& (E,, = 108 keV, 77,8 = 1.2 m.) and possibly in 
Yh169 (E, = 200 keV, 71/2 = 6 sec.). In all of these cases, the E3 decay is retarded 
by a similar factor (H — 102). The slowness of these transitions is consistent with the 
selection rules appropriate to the asymptotic quantum numbers. 

The expected configuration for the $7H0167 ground state is [523 7/2] (as for all 
the other Ho isotopes) and the beta decay to the Er ground state is thus 1u, consistent 
with the observed log ft = 6.0. It should be expected that the first rotational state in 
Er!67 at 78 keV would also be populated in this decay. 

There is also a lower energy beta group populating a level in Er!%? at about 
700 keV. The very small ft-value (log ft = 4.8) identifies this level as the [523 5/2] 
orbital. This is the same au beta transition which is seen consistently in all the decay 
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schemes with N = 97. It is expected that the rotational states with I = 7/2 and I = 9/2, 
based on the [523 5/2] orbital in Er1%7, would also be populated in this decay. 

The 700 keV level appears to decay, partly, by a direct transition to the Er"67 
ground state (according to the above classification of the levels this is a hindered £1 
transition) and, partly, by a cascade through a level at about 350 keV. Very little 
is known about the latter level, but, according to Fig. 4, one might expect the orbital 
[512 5/2] at about this region of excitation. 

The ground-state configuration of 69Tm%? should be [411 1/2], as for the other 
Tm isotopes. This assignment is consistent with the fact that the electron-capture decay 
of Tm16? is observed to populate the [521 1/2] isomeric state of Er!% and also a level 
which is probably the 7 = 3/2 member of the rotational band based on this con- 
figuration. These transitions are thus classified as 1u. 

The 70Yb-67 ground state is expected to be [523 5/2] and thus it may decay by 
an au electron-capture transition to the [523 7/2] excited state in Tm!%7 which is ex- 
pected at about 400 keV (see the level schemes of Tm16%.and Tm!”): Indeed, Ybié? 
does have a very short half-life. The observed half-life would be consistent with the 
expected log ft < 5, if the transition energy were of the order of S 2 MevV. 


Å = 169: 

The 69Tm169 spin has been measured to be 1/2. The ground state is identified 
with the [411 1/2] orbital which, according to Fig. 3, should be the lowest configuration 
for Z = 69. Rotational levels associated with this intrinsic state have been observed 
at 8, 118, 139, and 336 keV, corresponding to a decoupling factor a = —0.77 and 
3f?2/3 = 74 keV. Both the decoupling factor and the experimental magnetic moment, 
as well as the branching ratios within the rotational band, are excellently accounted 
for by the assigned orbital! (cf. MoTrTtELrson and NiLsson, 1955b, and Tables VII 
and VIII of the present paper). 

The first excited intrinsic state occurs at 316 kev. The multipolarities of the 
observed gamma transitions from this state to the levels of the ground rotational band 
strongly suggest that it has I = 7/2+ and should be identified with the orbital [404 7/2]. 
The M1 transitions to the 118 and 139 keV levels are strongly hindered (H > 5 x 105 
for both transitions), which is consistent with their being K-forbidden. The other near- 
lying orbital according to Fig. 3 should be [523 7/2]. The next intrinsic excitation, 
which occurs at 379 keV, is indeed of different parity from the two previous intrinsic 
states, as evidenced by its observed E1 decay. These transitions are strongly hindered 
(H - 1x 105 for the transition to the 316 keV level and H- 2x 107 and 2 x 108 for 
the transition to the 138 and 118 keV levels, respectively), in agreement with the 
K-forbiddenness of the transitions to the ground-state band and the selection rules in 
the asymptotic quantum numbers applying to the transition to the 316 keV level. 
Finally, an excited state observed at 473 keV agrees well in energy and decay char- 
acteristics with the expected I = 9/2— rotational state based on the [523 7/2] ton- 
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figuration!. (The rotational-energy parameter would thus be 3 52/9 = 63 keV, which is 
the same as for the corresponding rotational band in H0165), 

The ground state of 68Er!69 with N = 101 is expected to correspond with the 
[521 1/2] orbital (see the discussion in connection with Dy!65) and the observed beta 
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The Coulomb excitation data on Tm?é js reviewed in ABH. The decay of Yb% has been extensively 
studied, and the decay scheme seems to be quite well established (see SHS and NDC). The data for the beta 
decay "of Er”? are taken from EN, HAaTcE and"FS BorHM (1956) Bull "FAmSPhyssSoc) 11:175390: 
Added in proof: The half-life of-the 8 keV state in Tm?%% has recently-been measured to be 4x 10—7 s 
(H. BEcKkHuiIs and H. DE WAARD, 1958, Physica 24, 767). 


decay to the ground state and 8 keV level in Tm!69 js consistent with this classification. 
Thusøthe beta transitionsfare'expectedsto"beTu'andfare"observed'tolhavelos” fr 62, 
and 6.9, respectively. 

The ground state of 70Yb769 is expected to be [633 7/2], which is consistent with 
the evidence that the electron capture takes place almost entirely to the [404 7/2] and 
[523 7/2] configurations of Tm1%?, These transitions are classified as ah and 1u, re- 
spectively. 

A 6 sec. isomer (E,, = 200 keV), which has been observed in Yb(ny), might 
tentatively be assigned to Yb169, since an E3 isomeric level very similar to those ob- 


1 A previously reported lifetime of 4 x 1077 sec for this level would have been in serious disagreement 
with the expectation of the present model. It is thus important that more recent measurements have-shown 
that this state has indeed a very short half-life (7,,, <3x 1079 sec), as was to be expected (E. W. HATCH 
and D. E. ALBURGER, 1958, Phys. Rev. 110, 413; O. NATHAN and I. MARKLUND, 1958, Nuclear Phys. 6, 102). 

Bx 
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served in Dy!% and Er!% is expected. This level would correspond to the orbital 
BEN 
A = 171. 

The ground-state spin of 70Yb171 has been measured to be 1/2 and the magnetic 
moment is in agreement with the classification of this orbital as (521 1/2] which, as 
discussed above, is found as the ground state for all nuclei with N = 101. The rotational 
band huilt on the ground state has been studied by Coulomb excitation and is found 
to have a decoupling factor a = +0.87, which also agrees with the orbital assignment 
FRED He a ble RVIID)' 

Recently, the decay of mLu!7 has been studied and it has been found that this 
decay leads to a 75 keV E3 isomeric transition in Yb!”, This level thus corresponds 
well with the expected [633 7/2] orbital, and the isomeric transition is just the inverse 
of the transition responsible for isomerism in the nuclei with N = 99. The Lu!” ground 
state should be [404 7/2] as for the other Lu isotopes, and the electron capture transition 
is thus classified as ah. An additional level in Yb!7 js also populated in this decay, 
and this level has very tentatively been assigned as [514 7/2], since this configuration 
should be populated by a lu electron-capture transition. 

The ground state of 69Tm"71 should correspond to the [411 1/2] orbital just as 
for Tm"69, The beta decay to Yb!71 would thus be 1u, in agreement with the observed 
log ft = 6.2. The lowest excited states of Tm!7! åre found to be very similar to those 
observed in Tm-69, Thus, the ground state rotational band in the former is described 
by 3F2/9 = 72 keV and the decoupling constant a = — 0.86 compared with 32/3 = 74 
kevtandta=02768 fork ms22 

The first excited intrinsic state in Tm!7! occurs at 425 keV and appears to cor- 
respond with the [523 7/2] orbital which occurs in Tm!69 at 379 keV. In both nuclei, 
this configuration decays by very retarded E1 gamma transitions to the ground-state 
rotational levels. These transitions are classified as K-forbidden. 

According to Fig. 4, the ground state for N = 103 should be [512 5/2]. Thus, one 
expects the beta transition to the Tm!71 ground state to be 1fu, while the first forbidden 
transitions to the levels at 5, 117 and 129 keV are K-forbidden. These classifications are 
consistent with the observed log ft = 8.6 for the beta groups to the ground state 
and — 120 keV levels. The beta transition to the 425 keV level should be ah and is 
observed to have log ft = 6.3. 

Recently, a detailed study of the 4$8Er!” decay has revealed a very complex 
spectrum above the 425 keV level in Tm!?, Although the interpretation of this high- 
energy part of the spectrum must still be considered very tentative, we have pro- 
visionally attempted to interpret these levels in terms of the levels expected according 
to Fig. 3". Thus, the orbitals [411 3/2], [413 5/2], and [402 5/2] are expected in Tm!7i 
in this region of excitation and should be populated by 1u beta transitions. These 
orbitals have therefore been tentatively suggested as possible assignments for the ob- 


7 The state assignments suggested here for these highly excited levels are the same as those proposed 
by CRANSTON, BUNKER, and STARNER (1958), Phys. Rev. 110, 1427. 
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The Coulomb excitation of Yb!71 has been studied by ELBEK, NIELSEN, and OLESEN (1957), Phys. Rev. 
108, 406. The Yb” isomer has been found by J. W. MixeLicH and B. Harmatz (1957), Phys. Rev. 
106, 1232. The other levels populated in the Lu!” decay have been constructed on the basis of transitions 
observed by MIHELICH, HARMATZ, and HANDLEY (1957), Phys. Rev. 108, 989. The data on the decay of 
Tm!71 are taken from SmitH, ROBINSON, HAMILTON, and LANGER (1957), Phys. Rev. 107, 1314. The levels 
in Tm!7 up to 425 keV populated in the decay of Er”! have been extensively studied (for references see 
SHS and NDC). The higher energy part of this decay scheme has recently been investigated by CRANSTON, 
BUNKER, and STARNER (1958), Phys. Rev. 110, 1427. 
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served levels at 688 and 921 keV. The orbital [404 7/2) is also expected, but would 
only be populated by a 1 h transition. Therefore, this orbit might correspond to the level 
at 636 keV which is not directly populated in the Er! decay. The orbital [514 9/2] 
is also expected, but would not be populated directly. All of these classifications 
must he considered as somewhat speculative, since so little is known about these 
highly excited states. Especially the rather high log ft for the transition to the 688 keV 
state does not agree with the suggested classification. 
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Fig. A.= 173, 
The Coulomb excitation of YbYS has been studied by ErxBex, NIELSEN, and OLESEN (1957), Phys. 
Rev. 108, 406. The rest of the experimental data is taken from Mmæenrcu, Harmarz, and HANDLEY (1957), 
Phys. Rev. 108, 989, and WARD, MIHELICH, HARMATZ, and HANDLEY (1957), Bull. Am, Phys. Soc. 11:2, 341. 


Å = 173. 

The ground-state spin of 70Yb!?3 is 5/2. According to Fig. 4, the lowest con- 
figuration for N = 103 is expected to be [512 5/2] and this orbital also accounts well 
for the observed magnetic moment (see Table VII). The rotational band built on the 
ground-state configuration has been studied by Coulomb excitation. 

Except for the ground-state rotational band of Yb!73, most of the spectra of the 
Å = 173 nuclei are still somewhat uncertain. 

The long lifetime of the Lu!” decay may possibly suggest that the ground state 
of Lu"? corresponds to the orbital [514 9/2] rather than to [404 7/2] which is found 
for the other Lu isotopes.!? These orbits are known to he very close to each other in 

" Note added in proof: The existence of a direct ground state to ground state transition in the 
decay of Lu!”S, as suggested by recent measurements of DJELEPOY, PREOBRADJENSKY, and SERGIENKO (1958), 
Izvest. Akad. Nauk. 22, 795, would imply that the ground state of Lu!”S should be identified with the 
[404 7/2] orbital, as in the case of the other Lu isotopes. Additional evidence on this decay scheme has 
recently been obtained by BicHarD, MI1HEL1CH, and Harmatz (1958), Bull. Am, Phys. Soc, II:3, 358. Besi- 


des the transitions indicated in the figure, these authors find a level at 636 keV in Lu?73, to which they 
assign the orbital [514 7/2]. 
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this region of elements. The Lu!?”3 decay also populates a level at 351 keV in Yb1?3, 
which may possibly correspond with the orbital (633 7/2] which is expected at roughly 
this excitation. 

Å level at 123 keV in Lu"?3 has been reported to decay by an E1 transition to 
the ground state. The 123 keV level may thus correspond to the [404 7/2] configura- 
tion which, as mentioned above, is expected as a low lying excited state in Lu!73, 

If the tentative classification given in the diagram for the low lying Lu!?3 states 
is correct, the spin for the Hf7?3 ground state must be fairly large. We have therefore 
provisionally assigned the orbital [633 7/2] for the Hf7?3 ground state. In any case, 
the [633 7/2] and [521 1/2] orbitals are expected to be very close together in Hf273 
and probably to give rise to isomerism just as in Yb!71 and in the nuclei with N = 99. 


Å = 175. 

The ground-state spin of 71Lu!”5 has been determined to be I = 7/2 and thus 
corresponds with what one would expect from Fig. 3, according to which the [404 7/2] 
orbital should provide the ground state for Z = 71". Until recently, there existed a 
rather large discrepancy between the measured magnetic moment of Lu!”5 and the 
value predicted for this orbit. However, the recent redetermination of the moment 
brings the measured value much closer to that expected (cf. Table VII). 

The rotational band associated with the Lu!”5 ground state configuration has 
levels Eee VE 0) Fan EPS KE VEI 11/2) as found Coulomblexcitation 
experiments. 

The first excited intrinsic state is found at 343 keV and corresponds well with 
the [402 5/2] configuration. In 73Ta!81, one encounters a similar pattern with the 
[404 7/2] ground state and the [402 5/2] excited configuration at 480 keV. In Ta it 
is found that the latter state has a lifetime of 107 sec. However, attempts to measure 
the lifetime of the 343 keV level in Lu!75 indicate that it is at least an order of magni- 
tude shorter than this value. This apparently indicates that the extremely large hin- 
drance of the M1 part of the gamma transition observed in Ta181 (H=<3x 106) is a 
consequence of a somewhat fortuitous cancellation which is not reproduced in Lu?75, 
The limit on the lifetime observed in Lu?!”5 still permits the transition to be consider- 
ably hindered, as would be expected from the asymptotic quantum numbers. Ac- 
cording to this interpretation of the difference between these transitions in Lu!”5 and 
Ta181, we would expect the percentage of E2 radiation to be much smaller in the 
Lu!75 transition than in Ta"81, and this seems consistent with the available data. The 
first rotational excitation (I = 7/2) built on the [402 5/2] configuration occurs at 
433 keV in Lu!7”5 and thus determines 3f?/3 = 77 keV for this band. Almost the same 
value is obtained for the ground-state rotational band. 

1 In the classification of nuclear ground states by K. GOTTFRIED (1956), this nucleus has been assigned 
the [523 7/2] configuration (i. e., the same orbital as assigned to the ,,H07% ground state). However, according 
to Fig. 3, it is strongly suggested that the Lu ground state should be [404 7/2] and, as discussed below, there 


seems to be considerable evidence in the Lu!” decay scheme to support this assignment according to which 
the parity of Lu” is even. The classification employed here has also been discussed by CHASE and WILETS 


(1956). 
6% 
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Å second excited intrinsic state in Lu!?$ occurs at 396 keV. The observed E1 
and M2 decays from this state to the lower lying levels indicate that it corresponds 
with the [514 9/2] configuration. The large admixture of M2 with the E1 transitions 
(20 9, M2 in the decay to the ground state and 47, M2 in the decay to the 113 kev 
level) corresponds with the fact that the E1 radiation would be forbidden by the 
asymptotie quantum numbers, while the M2 is allowed according to these selection rules. 
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Fig Ar 173, 
Both the HfY5 and the YbYS decay have been extensively studied in a number of ditterent experimentis 
which are in essential agreement. The references may be found in SHS and NDC. 


Finally, a level in Lu!7S at 505 keV has been found to be very weakly populated 
in the 72Hf775 decay. The observed properties of this level correspond fairly well with 
those expected for the [411 1/2) configuration. If this classification is correct, one 
might expect the 505 keV level to have a lifetime in the neighbourhood of 105 sec. 
as for the corresponding transition in Ta!%, However, it is probable (ef. below) that 
the Hf275 decay populates the I = 3/2 member of the rotational band which would 
be much less delayed. Thus, the delay would not be observed in the HfS decay, 
although it might be seen in some process such as Lu (yy”) or Lu!é (yn). 

The ground state of Hf? should be [512 5/2 


as for the 7QYb!?3 ground state. 
The observed electron-capture decay of this nucleus is consistent with such an assign- 
ment; the decay goes mainly to the 5/2+ and 7/2+ members of the [402 5/2] rotational 
band hy transitions that are classitied as 1u. The transition to the Lu!?5 ground state 
which would be classified as 1h is very weak. The extremely weak transition to the 
[411 1/2] level is consistent with its classification as 1Xu, provided the available electron- 
capture energy is very small, 


According to Fig. 4, we expect the orbital [514 7/2] to provide the ground state 
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for N = 105. The decay of 70Yb175 accords well with such an interpretation. Thus, 
the transition to the Lu!”5 ground state is classified as 1u and is observed to have 
log ft = 6.4, while the strikingly low log ft = 4.5 for the transition to the 395 keV level 
in Lu? js classified as au. The observation of this au beta transition provides very 
strong support for the assumed classification; however, the recently measured magnetic 
moment of Yb!75 disagrees quite badly with the value computed for this orbital. 


Å = 1771. 

The spin of 72Hf”7 ;s measured to be.7/2, which is in agreement with Fig. 4, 
according to which the orbital [514 7/2] should be the ground-state configuration for 
N = 105. The observed magnetic moment is also reasonably well accounted for by 
this state (cf. Table VII). Rotational levels associated with this intrinsic configuration 
haveRbeenfobsersedEalelilsike Ved 0) Rand? 5 Okke VÆGREDE 

Ån intrinsic excitation has been observed at 321 keV in Hf”; its spin has been 
determined from angular correlation (STEFFEN, 1957) as 9/2; it decays by E1 tran- 
sitions to the members of the ground-state rotational band, and the configuration is 
clearly identified as [624 9/21.? 

The 73Tal77” oround state is probably [404 7/2] as for the other Ta isotopes. 
This classification is consistent with the observed electron-capture transitions to the 
Hf”? ground-state rotational band (log ft = 6.6 and 6.9 for the transitions to the 
I = 7/2 and I = 9/2 members; both transitions are classified as 14) and to the 321 keV 
level (log ft = 8.3 for this transition which is classified as ah). Recently, a number 
ombigberfexcitedllevelsto HE Ahavelbeenfidenufedkinther Ta edecaystAlthough 
the interpretation of these levels is still quite tentative, one might provisionally attempt 
a classification on the basis of Fig. 4. Thus, the orbital [633 7/2] could correspond 
to the intrinsic excitation found at 748 kev and possibly [503 7/2] to the level at 
1070 keV. The capture transition to the 748 keV level with log ft = 7.8 is thus clas- 
sified as ah, while the transition to the 1070 keV level with log fé = 6.5 would be 1 u. 
According to Fig. 4, we should also expect the orbital [512 5/2] to occur at an excitation 
energy somewhat lower than these last two. However, the transition from Ta!”? would 
be 1h and apparently has not yet been seen. In addition, the [521 1/2] orbital may 
occur at a few hundred keV of excitation in Hf"77 and give rise to a long-lived isomer 
if it can be populated. 

The 71Lu!7?7 ground state should correspond with the orbital [404 7/2], as is 
the case for all the Lu isotopes (except perhaps Lu”, cf. Å = 173), and the observed 
beta decay is consistent with this assignment, i. e., log ft = 6.7, 7.7, and 6.3 for the 
transitions to the ground state (1u), first rotational state, and 326 keV state (ah), 
respectively. 

The first rotational state built on the Lu!”? ground state has been observed at 
119 keV. Å second excited state in Lu!””? occurs at 147 keV and is found to decay to 

1 Note added in proof: The recent observation of a 0.1'/, admixture of M2 radiation in the ground- 


state transition (E. KLEmA4, 1958, Phys. Rev. 108, 1652) is consistent with the fact that the E1 transition is 
classified as hindered according to the asymptotic quantum numbers, while the M2 radiation is unhindered. 
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The decay of Lu” into Hf” as well as the Coulomb excitation of this latter nuclide have been studied 
in a number of different laboratories and the resulting decay scheme seems well established (see SHS, ABH, 
and NDC). The data on the Ta"”” decay have been taken from the recent study by MANN, NAGLE, and WEsT 
(1957), Bull. Am. Phys. Soc. II:2, 231, L. G. MANN, private communication; see also F. FELBER (1956), 
University of California Radiation Laboratory Report UCRL — 3618. The three lowest states in Lu!” po- 


pulated in the YbY” decay have 
been found by Cork, BRICE, M 
BUNKER, and STARNER (1956), 


been known for some time (cf. SHS and NDC), higher levels have recently 
ARTIN, SCHMID, and HELMER (1956), Phys. Rev. 101, 1042, and by MIzZE, 
Phys: Rev. 103, 182. Note that in the decay of Yb?7? the 29%, branch 
should terminate at the 119 kevV level! 
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the ground state by a mixed E1+ M2 gamma transition. This level thus corresponds 
with the orbital [514 9/2]. The E1 decay is strongly hindered (H = 5 x 10), while 
the M2 radiation is unhindered. This corresponds nicely with the fact that, according 
to the asymptotic selection rules, the E1 transition should be forbidden while the 
MAD FISENOT: 

The ground-state configuration for N = 107 should be [624 9/2] and the beta 
decay of 7Q0Yb"?7 corresponds well with such a classification. Thus, the transitions to 
the ground state and first rotational state of Lu!” are classified as ah and are found 
to have log fi = 6.2 and 7.7, respectively, while the transition to the 147 keV level is 
lu and has log ft = 7.2. 

The orbitals [402 5/2] and [411 1/2] are expected to occur in Lu??? at excitation 
energies of a few hundred kevV (ecf., e..g., Lu!75),"However,-the beta transition to the 
rotational states based on these configurations are expected to be very weak as a 
result of the K-forbiddenness. 

Still higher energy gamma rays have recently been reported in the Yb!”? decay. 
Very tentatively, it might be suggested that these could be associated with the orbital 
[523 7/2] which might occur in this general region of excitation and be populated 
Byar betaktransitions from YbE 

It is probable that Yb!”? will have an isomer associated with the configuration 
(Brok P Fasti sFalsoFobser ved kim HEP Fand Os]e2: 


Å = 179. 
The ground-state spin of 72Hf72 has been measured to be 9/2 and accords well 


with the orbital [624 9/2] which should occur as the ground state for N = 107, ac- 
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Fig.A7= 179. 
For references to the experimental data on Hf", see SHS, ABH, and NDC. The W"? isomer and the decay 
of W779 into Ta”? have been studied by T.J. Rock (1956), Proc. Roy. Soc. Canada 50, 28A. 
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cording to Fig. 4. The rotational band built on this configuration is found to have 
levels at 121 keV (I = 11/2) and at 262 keV (I = 13/2). The moment of inertia for 
this band is somewhat greater than in neighbouring odd-A nuclei (i. e., compare 
3h2/JQ = 66 keV for Hf79 with 3h?2/3 = 75 keV for the Hf!77 ground-state band and 
3R?2/3 = 91 keV for the Ta!8$1 ground-state band). This difference can be accounted 
for in terms of the especially large intrinsic angular momenta involved in the orbital 
(GRO DE (CERA RableR VID) 

Besides the rotational levels, two intrinsic levels have been observed in Hf-79 
associated with a 19 sec. isomeric transition. It appears that the first level (at 215 keV) 
represents the [514 7/2] configuration, while the second (at 375 keV) is the isomer 
and corresponds with the [510 1/2] orbital. According to this interpretation, the 160 
keV transition should be M3 and the 215 keV radiation should be E1. The M3 
transition is considerably hindered (H — 102), in agreement with the proposed clas- 
sification according to which it should be forbidden by the asymptotic quantum 
numbers. Similarly, the 215 keV E1 transition is forbidden by the asymptotic quantum 
numbers and it may therefore contain an appreciable admixture of M2 radiation 
which is not forbidden by the selection rules. 

The 73Ta!79 ground state probably corresponds to the [404 7/2] orbital as for 
Ta"81, The decay to the Hf!792 ground state is thus classified as ah, which is in agree- 
ment with the observed log ft + 6.9. A 30 keV level in Ta!”9 is populated in the W179 
decay. The [514 9/2] orbital is expected to provide a quite low lying excited state 
in Ta!79 (ef. also Ta"81) and so this configuration has been assigned to the 30 keV level. 

The 74W179 ground state should correspond to the orbital [514 7/2] as for the 
Hf"”” and %4Yb"75 ground states. This assignment is consistent with the observation 
that the W1?9 electron-capture decay populates the 30 keV level in Ta!79, This tran- 
sition is classified as au; the observed 40 m half-life of W"79 is consistent with this 
interpretation if the transition energy is about 1 MeV or less. In addition, a 7 m 
isomeric transition of 222 keV is found in W-"?9, This level may correspond either 
with the orbital [510 1/2] or with [521 1/2] which, according to Fig. 4, might occur in 
about this region of excitation. The M3 transition is strongly hindered (H = 7 x 107) 
in agreement with the selection rules on the asymptotic quantum numbers. 


Å = 181. 


The spin of the 73Ta781 ground state is measured to be 7/2. This is a very clear- 
cut exception to the orderly filling of the levels of Fig. 3, according to which the [404 7121 
orbital occurs as the ground state for Z = 71 (and is indeed observed for 71Lu!7”5 
and 71Lu???) and the [402 5/2] or [514 9/2] orbital should provide the lowest con- 
figuration for Z = 73. It appears that the near-lying orbital [514 9/2] is filled pairwise 
in going from Lu to Ta, and thus the orbital [404 7/2] occurs as a ground-state con- 
figuration a second time in the Ta isotopes. The configuration [514 9/2] is not ob- 
served as a ground state in any stable nucleus. This irregularity in the filling of the 
single-particle states may possibly be a consequence of differences in the pairing 
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A large number of experimenters have come tø essential agreement on the Ta!f" level scheme as populated 

in the Hf?81, in the W81 decay, and by Coulomb excitatiøn (see SHS, ABH, and NDC). The level scheme 

of W31 following the decay of Re!$1 has been constructed øn the basis of the data of C. J. GALLAGHER (1957), 

University of California Radiation Laboratory Repørt UCRL-3928; GALLAGHER, SWEENEY and RASMUSSEN 

(1957), Phys. Rev. 108, 108. The W8 jsomer has alsø been found in the W(yn) reaction, see A. J. BUREAU 

and C. L. HAMMER (1957), Phys. Rev. 105, 1006; and S. H. VEGors and P., AxeLr (1956), Phys. Rev 
101, 1067. 
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energy for pairs of nucleons in the different orbitals. The rotational band built on 
the Ta!s! ground state has levels at 136 keV (I = 9/2) and 301 keV (I = 11/2). 

The configuration [402 5/2] which, as mentioned above, might have been ex- 
pected as the Ta!&t ground state in the absence of pairing effects, occurs at 480 kev 
as an excited configuration, The M1 transition from this level to the ground state is 
very strongly hindered (H = 3 x 109), while the E2 decayv is also hindered but much 
less (H = 30). These hindrances are in accord with the asymptotie selection rules. 
The magnetic moment of the 480 keV state has been measured and is in accord with 
that calculated from the [402 5/2] orbital (cf. Table VII). The 480 keV transition has 
a very anomalous Mi conversion coefficient which has been interpreted in terms of 
the configurations emploved in the present classification (STrerson and McGo0wWanN, 
1956; RErwner, 1958; Nixsson and RASMUSSEN, 1958). 

At 612 kev, the (411 1/2) configuration is found and the characteristic close- 
lying I = 3/2+ rotational state associated with this configuration is at 616 kev. The 
612 keV state decavs by a hindered E2 transition to the 480 keV level (H = 4 x 10?) 
and an essentiallv unhindered M3 transition to the ground state (H = 7). These 
hindrances are in agreement with the asymptotic selection rules (see Table X). 

The 72Hf!% ground state should correspond to the (510 1/2!-orbital just as 
the 74W18SS ground state, The beta decav to Ta!832 thus takes place almost entirely to the 
I = 1/2+ and I = 3/2+ members of the rotational band associated with the [411 1/2] 
configuration, The transition is thus classified as lu and has log fé = 7.1. 

An additional 2 gamma rav of 478 keV has been reported in the Hf!% decay 
and apparently represents a transition from a level at 958 keV. It is possible that this 
level corresponds to the orbital 541 1/2] which is reallv a member of the next shell 
(£ > 82), but which is brought into this region of excitation as a consequence of the 
nuclear deformation. lf this is correct, additional information about this level would 
be very interesting, It should tend to increase the nuclear deformation considerably, 
and thus the moment of inertia associated with its rotational band should be especially 
great. Its decav to the lower lving [411 1/2] and [402 5/2] configurations should be 
appreciably retarded both as a consequence of the asymptotie selection rules and of 
the change in the equilibrium shape. 

The 74W!82 ground state should correspond with the [624 9/27 configuration just 
as for Ht79%, The electron-capture decay to Ta!% populates the ground state and 136 
keV level by af transitions and in addition populates an odd-parity level at 152 kevV. 
This level thus corresponds with the [514 9/2] orbital, which, as discussed above, is 
expected as &a low-lving configuration in Ta. The observation of an appreciable ad- 
mixture of M/2 radiation in the decav of this level to the ground state is consistent 
with the facet that, according to the asymptotic quantum numbers, the E1 decay should 
be hindered, but M? should be unhindered. The transition from W182 to the 152 kev 
state of Tall js classified as 1u. 

The spectrum of WS has recently been studied in the W8 (77) reaction and 
in the decay of Re!Sl, An isomeric level (€;;g = 1.4x 10% sec.) is found at 366 kev 
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in W181, The most simple interpretation of this level might be to assign it to the con- 
figuration [514 7/2] which is known to occur in this region (cf., e. g., Hf779). However, 
this assignment would imply a hindrance of H — 109 for the E1 decay to the ground 
state. Since such a large hindrance is not usually encountered for this type of transition, 
we have preferred the assignment [512 5/2] for the 366 keV level”. The interpretation 
of the transition as pure M2 does not seem inconsistent with the available information 
on the radiation. The hindrance is then H = 7 x 102. According to the asymptotic 
selection rules for protons, this transition would be unhindered. However, the matrix 
element vanishes for a neutron transition and this may explain the moderate hindrance 
observed. The assignment [512 5/2] for the 366 keV level seems also to be in better 
agreement with the observation that an appreciable fraction of the Re781 electron- 
capture decay feeds this level directly. Thus, the Re"81 ground state is probably [402 5/2], 
as for the other Re isotopes, and the decay to the [512 5/2] level would be 1u, 
while that to the [514 7/2] level would be 1h. However, the assignment adopted for 
the W181 isomer raises the question of why the [514 7/2] orbital is not seen in the 
W181 spectrum and why the [512 5/2] orbital does not also appear in the spectrum 
He EET 

Above 366 keV in W78, a number of levels are populated in the Re781 decay, but 
the level scheme in this region is very uncertain. We have tentatively attempted to in- 
terpret the available data in terms of the states of Fig. 4 and the known systematics 
of levels in this region. Thus, the 512, 562, and 618 keV levels might correspond to a 
rotational band built on the [510 1/2] configuration. This band would thus correspond to 
the ground-state rotational band of W783 which it resembles very closely. Similarly, the 
923 and 1004 keV levels might correspond to a rotational band built on the [512 3/2] 
orbital which is found at 209 kev in W783. The decay of Re!8l to the latter con- 
figuration is 1u. 


Å = 183. 

The ground-state spin of 74W2783 has been determined experimentally to be 1/2. 
One may then identify this ground state with the orbital [510 1/2] which, according 
to Fig. 4, should be the lowest configuration for N = 109, assuming an eccentricity 
& æ 0.2 (see Fig. 9). Excited rotational states associated with this configuration have 
heentidentified at 46 keV (372) 99 KEV (I=F5]2 VE 2OT keV (IE TP) and 309-kev 
(I = 9/2). The observed magnetic moment and decoupling parameter agree very roughly 
with those calculated from the assigned orbital (see Tables VII and VIII). 

Besides the ground-state configuration, one can see from Fig. 4 that the orbitals 
[512 3/2] and [503 7/2] are expected as low-lying intrinsic states in W-83, Indeed, 
onekindskal KE ORbandkwvithklevelstate 209 VE (ER 3 2 2927 KE VE (52) and 
412 keV (I = 7/2). This intrinsic excitation thus corresponds well with the expected 
[512 3/2] orbital. The [503 7/2] configuration occurs at 453 kevV. 

The accurate energy measurements as well as the relative gamma-ray intensities 


1 This assignment has also been suggested by GALLAGHER et al. (1957). 
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Fig.A-= 183: 
The decay of Ta!83 has been studied in great detail by MurRRAY, BOEHM, MARMIER, and DUMOND (1955), 
Phys. Rev. 97, 1007. The Re!8 has been similarly studied by THULIN, RASMUSSEN, GALLAGHER, SMITH, 
and HOLLANDER (1956), Phys. Rev. 104, 471. The decay scheme of Os?8 and Os183m has been taken from a 
recent study by J. O. NEWTON and V. S. SHIRLEY (1957), Bull. Am. Phys. Soc. II:2, 395 and private commu- 
nication. For a review of the Coulomb excitation experiments on W83, see ABH. 
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in W183 have been analyzed in considerable detail by KERMAN (1955) who has taken 
into account the deviations from the simple rotational wave functions that are induced 
by the Coriolis coupling between the [512 3/2] and [510 1/2] orbitals. In this ana- 
lysis, the observed spectrum is fitted by adjusting the value of the matrix element, 
<K = 3/2 |; | K=1/2%, which determines the magnitude of the Coriolis effect. The 
value for this matrix element which is thus determined is 1.5, while from the assig- 
ned orbitals one calculates the value 0.9. 

The betå decay of 73Ta183 populates directly only the 453 keV level (I = K= 7/2), 
which is consistent with the assignment of the orbital [404 7/2] to the Ta183 ground 
state as for all the other Ta isotopes. The decay is classified as 1u and has log ft = 6.9. 
The decay to the 209 keV level would be 1fh, and the evidence from the observed 
betårspectrumfindicates" that"log fr 5837; 

The electron-capture transitions from 75Re?8 go to levels in W183 with spins 3/2, 5/2, 
and 7/2, which suggests the spin 5/2 for the Re783 ground state; this state thus appears 
to correspond with the [402 5/2] orbital which is also found as the ground state of 
ResrandiRke sr Ther observed "Re: "decaysTarerallfelassifred fast lm: 

Recenilymthetoseskdecaymntorke sb askbeensstudied Ane Mi sSormer LORD SKOT 
Os183 has been found which corresponds well to the transition between the [510 1/2] 
and [624 9/2] configurations which are known to be very close together in this 
region (cf. W181 and Hf-79). The [624 9/2] configuration seems to provide the ground 
state as in W781 and Hf!79, This state decays mainly to an odd-parity level at 496 keV 
in Re183, This last level can then be classified as the expected [514 9/2] configuration. 
The electron-capture transition is classified as 1u. 

The 10 h 760s18 ;somer decays to a pair of levels at about 1100 keV in Re?83, 
These states must have low spin and they appear to correspond to the characteristic 
doublet representing the first two rotational states associated with the [411 1/2] con- 
figuration (cf. the Tm isotopes, Ta?87 etc.). It might be expected that the orbital [402 3/2] 
should occur in this region of excitation, but it would be much less populated in 
the Os183m decay, since the transition would be 1h compared with the 1 u transition to 
ihe [ATT ST Y2J Forbita EL 

A= 185. 

The ground state spin of 75Re785 is 5/2; this value and the observed magnetic 
moment are both consistent with the assignment of the orbital [402 5/2] as the ground 
state configuration. Rotational states associated with this configuration have been 
studied by Coulomb excitation. 

The 7608785 ground state appears to be represented by the (510 1/2] configuration 
as for W783 and Hf-81, The decay to the Re"85 ground state would thus be 1fh and 
is indeed observed to be very weak. The dominant mode of the Os785 electron-capture 
decay populates a state at 646 keV in Re785, According to Fig. 3, one might expect either 
the [402 3/2] or [400 1/2] configuration in this region. The E2 decay of this level to 


1 J. O. NEWTON (private communication) has suggested a classification of the Re" spectrum which 
is the same as that employed here, 
Mat. Fys. Skr. Dan. Vid. Selsk. 1, no. 8. 7) 
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the Re ground state as well as the asymptotic selection rules for the electron capture 
transition both suggest that [400 1/2] is the proper assignment. It appears that the 
(402 3/2] configuration, requiring a 1h transition has not been seen in the Os! decay. 

A state at 717 keV in Re?85 is also populated in the Os?85 decay. It is probable 
that this state corresponds to the / = 3/2 rotational state built on the [400 1/2] orbital. 
A small decoupling parameter is expected for this band. 

Finally, a pair of states at 872 and 879 keV in Re185 are populated in the Os185 
decay. These states appear to represent the characteristic I = 1/2 and I = 3/2 doublet 
associated with the [411 1/2] configuration. 


879 
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646 1/2 V2+ [400] 
=435 
3/2 3/2- [512] gm Eg EA 
L 
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75 
128 %/2 5/2+ 
md mark , sj 5/24[402) 
ske 
Fig Ar =dl 85: 


A number of different investigations are in essential agreement on the decay scheme given here; for refe- 
rences, see SHS and NDC. 


In the figure, the log ft-values for the different Os7835 electron-capture transitions 
have been calculated, assuming a decay energy of 1 MeV. A comparison of these 
values with those expected according to the classification of the transitions (cf. & V) 
indicates that the assumed transition energy may be slightly too high. 

According to Fig. 4, one might expect either [510 1/2], [512 3/2] or [503 7/2] 
as the ground state of 74W785, On the basis of the observed beta decay directly to the 
Re185 ground state, we have adopted the assignment [512 3/21. 

It should be mentioned that the available means of populating the low-lying 
states of Re785 ensures that only the low spin states could have been seen so far. ÅAc- 
cording to Fig. 3, one expects the configurations [404 7/2] and [514 9/2] also to occur 
in the low-energy spectrum of Re185, hut they could not have been populated in the 
experiments that have been reported. 


c. Region of the heavy elements.” 
The spectra of the even-even nuclei beyond Ph begin to exhibit well-defined 
rotational patterns starting at about A — 224. It is thus expected that the coupling 


7 Note added in proof: A discussion of the heavy element odd-A spectra on the basis of Figs. 5 and 
6 has also been given recently by STEPHENS, ASARO, and PERLMAN (to be published). 
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scheme of the present article should also be appropriate for the interpretation of the 
odd-AÅ nuclei starting at about the same point. There is not, however, sufficient data 
to make possible a unique classification of the odd-proton spectra for Z<93 or for 
the odd-neutron nuclei with NZ 139, and at the present time we shall not attempt 
any detailed interpretation of the configurations of the nuclei lighter than these. One 
may notice, however, that, according to Fig. 5, the orbitals [651 3/2] and [530 1/2] 
might be expected for the ground states of Z = 91 or Z = 89 and that possibly [532 3/2] 
and [660 1/2] might also be expected as low-lying excited configurations in this region. 

Similarly, for the odd-neutron configurations, one expects to find the orbitals 
[631 3/2] and [752 5/2] appearing in the region around N =— 137 (see Fig. 6). 

There is one particularly important piece of experimental evidence in the region 
225 <A <233 which requires special mention, and this is the ground-state spin, 19 = 3/2, 
and negative quadrupole moment (Q = —1.7x 10 cm”) reported for 89Ac?2? (FRED 
et al., 1955). As discussed in Section IV, the calculations based on the level schemes 
of Figs. 5 and 6 clearly indicate a prolate intrinsic shape for Ac?27 (see especially Fig. 12). 
This prediction also receives support from the observed regularity in the rotational 
patterns of the even-even nuclei ranging from s$8Ra?2% to the region of U and Am, 
where the measured quadrupole moments are found to be positive. One possible 
explanation of the Ac??? moment could be that the ground-state configuration has 
K = 1/2 and, e. g., the expected orbital [530 1/2] with a decoupling constant a— —2. 
The ground state would then have 19 = 3/2 and a negative quadrupole moment. This 
is indeed the same configuration which appears to provide the ground state con- 
figuration of 91Pa?31 and Pa2?33 (see below). If this is correct, one also expects a negative 
spectroscopic quadrupole moment for the Pa isotopes. 

We begin the more detailed discussion of the heavy-element spectra with A = 233. 


Å = 233. 

The ground-state spin of 92U?233 is 5/2; both the spin and magnetic moment 
(cf. Table VII) of this state agree well with the odd-neutron configuration [633 5/2 | 
expected, according to Fig. 6, for N = 141. The ground-state rotational band has been 
studied by Coulomb excitation. 

An excited intrinsic state at 313 keV in U?83 js populated in the 91Pa?33 decay; 
this excited state appears to have K == 3/2 and the same parity as the ground state 
and may thus correspond with the orbital (631 3/2]. In addition, the close-lying levels 
at 400 and 413 keV appear to represent the two lowest states in a K= 1/2 rotational 
band which may be identified with the configuration [631 1/2] (cf. the same orbital 
appearing in the spectra of U235 and Pu?39), 

The favoured alpha decay of g4Pu?37 is found to populate an excited state at 
about 295 keV in U233, This level is thus identified with the [743 7/2] orbital (see the 
discussion of Pu?3? below). 

Besides the levels which have so far been observed in U?3 one should expect, 

7% 
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Fig. 5. Single-particle levels for odd-Z nuclei in the "heavy element” region (Z > 82). The corresponding wave 
functions are found in table I of (SGN) for states having N = 6 and in Appendix I of the present paper 
for the N = 5 states. The wave functions have been calculated using u = 0.45 for the N = 6 states and 
u = 0.70 for N = 5 states. In comparing with the experimental data, it was found that the high-angular- 
momentum states of the N = 6 shell occurred systematically lower than would correspond to these para- 
meters. (Cf. the similar situation encountered in Fg. 3.) In drawing the figure, the states of the N —= 6 shell 
have been consistently plotted at an energy 2.4 MeV lower than corresponding to these parameters. This 
corresponds to using a u-value of approximately 0.62 for the N = 6 states in this diagram. 
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Fig. 6. Single-particle levels for odd-N nuclei in the "heavy element” region (N > 126). The corresponding wave 
functions for N = 6 states are found in table I of (SGN) and for N = 7 states in Appendix I of the pre- 
sent paper. The calculated wave functions correspond to the parameters u = 0.45 for N = 6 and u = 0.40 
for N = 7. In comparing with the experimental data, it was found that the high-angular-momentum states 
of the N = 7 shell occurred systematically lower than would correspond to these parameters. (Cf. the similar 
situation discussed in the caption to Figs, 3 and 5.) Therefore, in constructing the figure, all odd-parity 
states (N = 7) have been plotted at an energy approximately 700 keV lower than corresponding to these 
parameters. This effectively amounts to using a u-value of 0.44 for the N = 7 states (i. e., the effective % 
is very nearly the same as that used for N = 6). In plotting Fig. 6 we have employed, as in Figs. 4 and 5, 
EU 05) 


according to Fig. 6, that the orbital [752 5/2] will also occur as a fairly low-lying 
excited configuration. 

The ground-state transition energy for the electron-capture decay of 93Np?33 (not 
shown in the figure) has been estimated on the basis of closed cycles to be 1.0 Mev 
(see SHS). The 35 min. half-life thus implies log ft = 5.0, assuming the ground-state 
transition to predominate, and a somewhat smaller log ft-value if the transition goes 
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The level scheme of USS has been studied by Coulomb excitation — J., OQ, Ngwron (1957), Nuclear Phys. 
5, 218 — and in the beta decay of Pa?33 (for references, see SHS and NDC). The Pu?X" alpha-decay to UX" 
has been investigated by Tuomas, VAN DEN Boscu, GLASS, and SEABORG (1957), Phys. Rev, 106, 1228, The 
level scheme of PaS populated in the alpha decay of Np?" has been given by ÅSARO, PERLMAN, and 
STEPHENS, private communication. For references to previous work on this decay scheme, see I. PERLMAN 
and J., O. RASMUSSEN (1957), Chapter on Alpha Radioactivity in Handbuch der Physik, Vol, 42 (Springer 
Verlag, Berlin), hereatter referred to as PR. 


mainly to an excited state. Such a fast transition is indeed expected if we assign the 
orbital [642 5/2] to the Np233 ground state, as for all the other Np isotopes, and assume 
the transition to go to the configuration [642 3/2] in US, More detailed experimental 
information on this decay would thus be of considerable interest. This configuration 
might be expected to occur at an excitation energy of the order of 1/2 MeV in U32833, 

The favoured alpha decay of U233 is somewhat ditfterent from that of most 
odd-A nuceclei in that it populates the ground-state rotational band in the 99Th?29 daugh- 
ter, The Th2% ground state should thus be assigned the same configuration, [633 5/2], 
as the UBZS ground state. This implies that there is either a crossing of levels or an 
important eftect of the pairing energy in going from N = 139 to N = 141, Additional 
information on the low configurations of other nuclei with these neutron numbers 
would thus be of interest in studying these etteets. 

Although the experimental evidence on the PaWS speectrum still leaves consider- 
able uncertainty about many of the levels, we have tentatively attempted a classification 
of the available data. 
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The lowest levels of Pa?33 and Pa?31 exhibit a very great similarity and we have 
assumed that the orbitals are the same in the two nuclei. The Pa?31 ground-state spin 
of I = 3/2 is therefore also assumed for Pa?33, This is in agreement with the evidence 
onkthelba8shetakdecay- 

The similarity in the alpha-decay hindrance factors for the transition from 
Np23? to the ground state, 56 and 69 keV level of Pa?33, might suggest that these levels 
form a rotational band (Asaro, PERLMAN, and STEPHENS, 1957). There is also pre- 
liminary evidence from the Coulomb excitation of Pa?31 which suggests the same con- 
clusion (NEWTON, 1957b). If this is the case, the irregularity of the spacings indicates 
that we are dealing with a K= 1/2 band which has a negative decoupling constant. 
The ground state, 56, 69, 157 and 177 keV levels, are fitted quite well by assuming 
302 JE 36IkeV Fandfal= 173 MT heser parameters” imply' that the /'=1]2membert of 
the band should occur at about 6 keV. Indeed, there is evidence in the Pa?31 spectrum 
for a level at about this energy and preliminary evidence in the alpha decay of Np23? 
forssuchmanlevelkene bases" 

Essentially unhindered alpha transitions from Np?37 populate states in Pa?33 at 86 
and 103 keV. These levels are accordingly identified with the configuration [642 5/2] 
which is found as the ground-state configuration in all the Np isotopes. The very 
close spacing of these two levels (as compared, for example, with the spacing of the 


corresponding two rotational states in Np?37) may reflect a strong perturbation of this 
8% 
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rotational band caused by the presence of the near-lying [651 3/2] configuration 
(see below). 

There are also very strong alpha transitions to levels at 205 and 228 keV in Pa?33, 
These levels have been tentatively assigned the orbital [651 3/2] since, according to 
Fig. 5, this orbital should occur in this region. It is expected to be strongly coupled 
to the [642 5/2] orbital through the Coriolis forces. Such a coupling would imply a 
considerable perturbation of the rotational band associated with the latter configuration 
and would also lead to relatively strong alpha transitions populating the [651 3/2] levels. 

Besides these levels there are also excited states in Pa?33 at 140, 162, 171, 288, 
and 350 keV which are populated in the Np?3? alpha decay. As yet not enough is 
known about these levels to make configuration assignments possible. 


A = 235. 

The ground state spin of 92U235 is Io = 7/2; this as well as the negative value of 
the magnetic moment agree with the configuration [743 7/2] suggested by Fig. 6. 
The rotational band associated with this configuration has been studied by Coulomb 
excitation. The unusually large moment of inertia for this rotational band lends fur- 
ther support to this classification (see Section III). 

The favoured alpha decay of 94Pu?39 populates a rotational band characterized 
by K = 1/2. Rotational states ranging from the lowest member I = 1/2 up to the 
I = 9/2 member have been observed. It has quite recently been shown that the lowest 
state of this band decays to the U?35 ground state by an E3 transition of 0.08 keV 
and 74/2 = 26 min. This very low lying intrinsic state corresponds well with the con- 
figuration [631 1/2] (see the discussion of Pu239), 

Very weak alpha transitions also populate a number of higher-lying excited 
states in U?35, starting at 172 keV. Little is as yet known about these states, but it 
might be suggested that the orbitals [633 5/2] and [622 5/2] occur as fairly low-lying 
configurations in U?35, 

The 93Np?85 ground state is classified as [642 5/2] as for the other Np isotopes. 
The electron-capture decay energy estimated from closed cycles leads to log ft — 7.5 
for the transition to the U?35 ground state. This ft-value is somewhat greater than is 
usually encountered for a 1u transition. 

The favoured alpha decay of 95Am?39 populates a level at 48 keV in Np235 which 
in turn decays to the ground state by an E1 transition. This pattern is observed in 
all the odd Am alpha decays (Am?39, Am?41, and AmZ243) and corresponds well with 
the assignment of [523 5/2] as the excited configuration in Np (see especially the 
spectrum of Np232?), 

The transition energy for the electron-capture decay of Pu2?35 into Np235 has 
been estimated on the basis of closed cycles to be about 1.1 MeV (see SHS). The 
observed lifetime thus implies log ft<5 for the main transition. The au transition im- 
plied by this low value would result from assigning the configuration [633 5/2] to the 
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The Coulomb excitation of U?2% has been studied by J.O. NEwrTonN (1957), Nuclear Phys. 3, 345. The 
data on the alpha decay of Pu?% are taken from PR and from the recent work of NovIkova, KONDIATEV, 
S0BOLEV, and GorLniIN (1957), Journ. Exper. Theor. Phys. 32, 1018. The U?% ijsomer has recently been found 
by F. AsaRro and I. PERLMAN (1957), Phys. Rev. 107, 318, Hu1zEenNnGa, RA40, and ENGELKEMEIR (1957), 
Phys. Rev. 107, 319; cf. also MIcHEL, AsARO, and PERLMAN (1957), Bull. Am. Phys. Soc. II:2, 394. The Np?35 
electron-capture decay has been studied by Horr, OLSEN, and MANN (1956), Phys. Rev. 102, 805, and 
GINDLER, HUIZENGA, and ENGELKEMEIR (1958), Phys. Rev. 109, 1263. References to the AmZ3% alpha decay 
may be found in PR. The Pu?2 electron-capture decay has been studied by THOMAS, VAN DEN BOSCH, GLASS, 

and SEABORG (1957), Phys. Rev. 106, 1228. 
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Pu235 ground state (as also for U?33 and Th?31) and assuming the decay to go to the 
state [633 7/2] expected as an excited configuration in Np?85, 

If we assume the 91Pa235 ground state to be [530 1/2] I = 3/2, as is tentatively 
suggested for Pa23l and Pa2?33, then the beta decay to U?35 should go predominantly 
to the 26 min. isomeric level. 


A= 2370: 

The spin, the very roughly known magnetic moment, and the exceptionally large 
moment of inertia associated with the 93Np?3? ground state configuration all support 
the classification [642 5/2] for this orbital (see Tables VII and VI). The two lowest 
rotational excitations associated with this configuration have been studied by Coulomb 
excitation. 

An intrinsic excitation with K = 5/2 and opposite parity from the ground state 
is found at 60 keV. This level which is populated in the favoured alpha decay of 
95Am?4 js identified with the [523 5/2] configuration. The measured magnetic moment 
of this state also supports this interpretation (Table VII). The E1 decay of this level 
is strongly hindered (H > 3x 105) as required by this classification. Rotational states 
built on this configuration have been found at 103, 160, and 225 kev. 

Another intrinsic excitation is found at 267 keV in Np23? and appears to have 
K = 3/2—. This state may thus be associated with the expected configuration [521 3/2]. 

Finally, there are weakly populated states at 332 keV, 368 keV, and possibly 371 
keV. These states appear to have even parity and may form a rotational band with 
K = 1/2 (RASMUSSEN et al., 1957). According to Fig. 5, such a state is not expected 
in this region and the interpretation of these levels is difficult (see RASMUSSEN et al., 
1957, for a discussion of these levels and suggestions concerning their classification.) 

The g4Pu?3" electron-capture decay populates the ground-state rotational band 
in Np?3? and the 60 keV excited state with log ft > 7 in each transition. Assigning the 
Pu?37 ground-state configuration as [743 7/2] (as for 92U235) these transitions are 
classified as 1u and ah, respectively. 

The favoured alpha decay of 96Cm241 has recently been shown to populate a 
0.18s E3 isomer in Pu?3?, The Cm241 ground state should be [631 1/2] as for Pu2?39 
and the favoured alpha decay should thus populate this same configuration in PuZ?37, 
This assignment accounts well for the spin and parity of the isomeric level. The E3 
transition is thus classified as hindered according to the asymptotic quantum numbers 
and is observed to have H+» 102. 

The U?2” beta decay goes predominantly to the [521 3/2] configuration in Np23? 
(log ft = 6.0) and not at all to the levels associated with the ground state or first ex- 
cited configuration. This behaviour is consistent with the assignment [631 1/2] to the 
U?2” ground state (as for the Pu?39 ground state); the dominant beta transition is thus 


i 1 The theoretical classification of the Np23 levels has been discussed previously on a number of 
occasions, see especially RASMUSSEN, CANAVAN, and HOLLANDER (1957). 
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For detailed references of the level scheme of Np??? as populated both by the beta decay of U?% and the 
alpha decay of Am:41, see SHS (cf. also PR). New data on the Pu?%" electron-capture decay are provided by D. C. 
HoFrFMAN and B. J. DrorpEsKY (1958), Phys. Rev. 109, 1282, and private communication. The 145 kevV 
0.18 s isomeric transition in Pu?2? has been found recently by STEPHENS, ÅSARO, AMIEL, and PERLMAN (1957), 
Phys. Rev. 107, 1456. Concerning references to the alpha decay of Cm?" and Pu241, see SHS and PR. 
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classified as 1u, while the higher energy transitions would be second forbidden and 
1th. The ground-state rotational band of U?3? should resemble that of Pu?38, 

The favoured alpha decay of Pu2 populates an excited intrinsic state in U?27, 
which is accordingly assigned the orbital [622 5/2] (see A = 241). 


A= 2395 

The ground state of 94Pu239 has IQ = 1/2. and the corresponding rotational band 
has a decoupling parameter a = —0.58. The orbital (631 1/2] accounts well for these 
properties and for the measured magnetic moment (see Fig. 6, Tables VII and VIII). 

The first excited intrinsic state in Pu?39 occurs at at 286 keV and has been shown 
to have K = 5/2+. This state can thus be identified with the orbital [622 5/2] which is 
expected in this region of excitation. The M1 transitions from this level to the ground- 
state band are K-forbidden and observed to be strongly hindered (H — 10%— 105); the 
E2 components in these transitions are hindered by the asymptotic quantum numbers 
and are observed to be slowed down by factors + 10? compared to a single-proton 
transition. The favoured alpha transition from 9$6Cm2%3 js found to lead to the 286 kev 
level in Pu?39 and thus to imply the classification [622 5/2] for the Cm223 ground state. 

Å second excited intrinsic configuration is found at 392 keV (almost coincident 
in energy with the I = 9/2 member of the [622 5/2] rotational band). This new level 
decays by very hindered E1 radiation (H— 10%) to the [622 5/2] levels and is ac- 
cordingly identified with the [743 7/2] orbital. 

Finally, a level at 512 keV in Pu239 has been observed in the 93Np239 and 95 Am239 
decays. This level may correspond with the [633 5/2] configuration. 

The Np239 ground state has been assigned the orbital [642 5/2] as for all the 
other Np isotopes. This interpretation accounts well for the Np?239 spectrum observed 
in the Am?23 decay and for the Np239 decay into Pu2?39 (see below). However, it does 
not agree with the value 14 = 1/2 reported for the ground-state spin in several earlier 
investigations of the Np?39 hyperfine structure. For the present classification it is 
therefore of decisive importance that a recent redetermination of the Np239 spin has 
given the value IQ = 5/2 (HuBBs and MaRRUuUS, 1958). 

The Np2?39 ground state decays to all the low lying configurations in Pu239 with log 
ft = — 9, 6.9, 6.5, and 6.8 for transitions to the orbitals [631 1/2] (probably the I = 3/2 
and 5/2 members of the rotational band based on this orbital are mainly populated) 
[622 5/2], [743 7/2] and [633 5/2], respectively. These transitions are classified as 
1 (K-forbidden), ah, 1u, ah, respectively. 

The favoured alpha transition from Am223 populates an excited configuration 
in Np?39 at 74 keV. This configuration is classified as [523 5/2] (see the discussion 
on the spectra of the Am isotopes). This level is observed to decay by an E1 transition 


7 The theoretical classification of the Pu?3% levels has been considered by HOLLANDER (1957) with 
conclusions essentially the same as those obtained here. 
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Flora 23:09) 
The complex spectrum of Pu? was first illucidated by a detailed study of the Np?3 beta decay, HOoL- 
LANDER, SMITH, and MIHELICH (1956), Phys. Rev. 102, 740. The decay scheme has been further clarified and 
substantiated by experiments involving the Cm? alpha decay, the Am?%% electron-capture decay, Cou- 
lomb excitation, as well as further study of the Np?? decay (for references and decay schemes, see SHS). For 
references to the alpha-decay spectrum of Am”43, see also SHS. The Bk%% decay scheme has recently been 
studied by A. CHETHAM-STRODE (1956), University of California Radiation Laboratory Report UCRL-3322. 
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to the Np239 ground state, in agreement with the adopted celassification (ef, also the 
very similar situation in the spectra of Np?28% and Np237), 

The 92U239 decay (not shown) is reported to go predominantly through the 
74 keV level of Np239 with log // > 6. This is to be expected if we assign the orbital 
[622 5/2] to the UB9 ground state (as to g4Pu21), The observed decay is then clas- 
sified as 14; the intensity of the ah transition to the ground state may be estimated on 
the basis of the corresponding transition in Np?39 + Pu?39 and is expected to be about 
ten times weaker. In addition, one might expect some branching to the 117 kevV level, 

The Am?39 electron-capture decay goes to the [622 5/2] configuration in Np$9 
with log ft » 6 and to [633 5/2 
ground state, as for all the other Am isotopes, these transitions are classified as lu. 
The unobserved transitions to the ground state and 392 keV level would be classitied 
as 1fYh and ah, respectively. 


also with log ft = 6. Assuming [523 5/2] for the Am 


The favoured alpha transition from o7Bk38 populates a state in Am?39 at + 540 
kev, and a somewhat hindered transition leads to a state in Am at > 190 kev, Not 
enough is known about the Bk? spectrum nor of the transitions between these states in 
Am to make a unique classification, but from Fig. åd one may concelude that [521 3/2] 
is not an unlikely choice for the Bk ground state (and thus also for the 540 kev 
state in Am) and that the orbitals [633 7/2] and (642 5/2] should also provide low 
lying excited states in Am, 


Å = 241 

There is as vet not enough experimental evidence about the spectra of nuelei 
with ÅA > 239 to make possible aåa unique assignment of configurations, and we there- 
fore confine ourselves to a discussion of a few of the best studied levels. 

The experimental evidence, both from the alpha decay and the measured spins 
and magnetic moments, supports the assignment of the orhital (523 5/2] to the ground 
state of both 95Am%! and Am?8 (for the alpha decav, see the level schemes of 93N p337 
and Np239; the magnetic moments are summarized in Table VII), In analogv to the 
Np spectra, one expects the configuration [642 5/2] ta occur fairly close to [523 5/2] 
also in Am. Ås discussed in the following paragraph, it is probable that the 
97Bk3%5 ground state corresponds with the orbital 1521 3/2]; if this is the case, the 
alpha decay of Bk?% implies that the same assignment, [521 3/2], should be made 
for the 480 keV level in Am, 

The 94Cm%4 ground state is expected to he the same as that of g4Pu39, i, &e,, 
(631 1/2], and indeed the electron capture decav of this level goes to the low spin 
(521 3/2] state in Am% and to a level at 640 keV which may possibly be [651 3/2 
OLTIOS0OFTIRSK 

The measured spin and magnetic moment of the Pu ground state are in 
agreement with the orbital [622 5/2] expected according to Fig, 6, Further, the clas- 
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The Bk%5 alpha decay has been studied by A. CHETHAM-STRODE (1956), University of California Radia- 
tion Laboratory Report UCRL-3322. The decay scheme of Cm? is based on the recent work of AsAaRrRoO 
and F. STEPHENS (private communication). We are also indebted to these investigators for informing us of 
their additional results on the Bk” decay. For references to the Pu?! beta decay and to the Cm? alpha 
decay, see SHS and PR. 


sification of the Cm?45 ground state made in the next paragraph, together with the 
øbservedkalphardecarsorm CmsSrintok Pus seimplieskthatktheri72rkeVvælevelsint Pus" 
corresponds with the configuration [624 7/21. 


AA == 243: 
(No decay scheme is drawn). 

As mentioned above, the ground state of Am283 may be classified as [523 5/2]. 
Hhekrronndkstate hob EShouldeberthersamefaskthatofkemsFandEmåayt thus 
be tentatively classified as [624 7/2]. This assignment is consistent with the observed 
electron-capture decay to the [523 5/2] ground state of Am23 and to a 84 keV level, 
which may correspond to the [642 5/2] configuration. 

Finally, the ground state of Cm? should correspond with that of Pu?% and 
may accordingly be assigned the configuration [622 5/2]. This assignment is strongly 
supported by the observed alpha decay to Pu?89% (see the level scheme of Pu?339), 


Although the available evidence does not yet test nor define uniquely most of 
the spin and parity assignments suggested in the decay schemes of Fig. A = 245, 
1 The theoretical classification of the Cm? levels has been discussed by STEPHENS, ÅASARO, THOMPSON, 


and PERLMAN (1957), Bull. Am. Phys. Soc. II:2, 394, with conclusions in agreement with those suggest- 
ed below. 
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Fig. A = 245. 
The level scheme of Cm245 populated by alpha decay of Cf22? has been given by STEPHENS, ÅSARO, THOMP- 
son, and PERLMAN (1957), Bull. Am. Phys. Soc. II:2, 394. Supporting evidence on the level scheme is pro- 
vided by the recent Bk%%5 electron-capture decay studies by A. CHETHAM-STRODE (1956), University of 
California Radiation Laboratory Report UCRL-3322; cf. also MAGNUSSON, FRIEDMAN, ENGELKEMEIR, 
FieLns, and WAGNER, (1956), Phys. Rev. 102, 1097. The beta decay of Am?%5 has been studied by several 
groups; for references, see SHS. A complex spectrum of gamma rays (not shown) has been observed in this 
decay scheme by C. I. BRowWN et al. (1955), J. Inorg. Nucl. Chem. 1, 254. The data on the alpha decay of 
Bk249 may be found in PR. This nuclide also decays by emission of beta rays to Cf?"?, DIAMOND, MAGNUSSON, 
MECcH, STEVENS, FRIEDMAN, STUDIER, FrELDs, and Hu1zENGA (1955), Phys. Rev. 94, 1083 and Phys. Rev. 96, 
1576. 
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we shall attempt a classification on the basis of the theoretical spectra of Figs. 5 
and 6. In such a situation, many of the assignments must be considered rather 
tentative. 

The 96Cm?25 ground state might be expected to be either [624 7/2] or [734 9/2]. 
The evidence for a ground-state beta transition from 95Am2% (assumed to be [523 5/2] 
as for all the other Am isotopes) suggests that it is the former. This assignment 
is further supported by the evidence from the Cm245 alpha decay; the favoured tran- 
sition proceeds to a level at 172 keV in g4Pu?41 which then decays by an M1 gamma 
transition to the 5/2+ Pu21 ground state (see A = 241). 

The Am?%5 heta decay also populates a level in Cm245 at 257 keV, which has 
the same parity as the Cm?% ground state; this excited state may tentatively be identified 
with the orbital [622 5/21. 

Since the [624 7/2] orbit occurs as the ground state of Cm245, one might expect 
the orbital [734 9/2] to occur as a low-lying excited configuration in Cm2%5 and to 
provide the ground state of 98Cf229, Indeed, the favoured alpha decay of Cf249 p0- 
pulates a state in Cm?% which decays by El1 transitions to the ground-state rotational 
band. This level, at 394 keV, is thus identified with the [734 9/2] configuration. The 
detailed study of the Cf?29 alpha-decay fine structure has revealed a large number of 
low-lying states in Cm?% which have been tentatively associated with the expected 
rotational excitations built on the three lowest intrinsic states. 

As discussed in connection with the Am?% level scheme, the alpha decay of 
97Bk?45 is consistent with the assignment [521 3/2] for the Bk?4%5 ground state. This 
assignment is also consistent with the fact that the electron-capture decay of Bk245 
does not go to the higher spin states, but rather populates the 257 keV 5/2+ state 
and another excited configuration at 632 kev in Cm?2%5, This latter state might ten- 
tatively be classified as [631 1/2]. Such a classification is consistent with the fact that 
it is observed to decay only to the 257 keV level. 

The observed pattern of the alpha decay of Bk?29 (and probably Bk?) differs 
considerably from that of Bk?75 and Bk?43, This probably implies that the ground- 
state configuration of the heavier Bk isotopes is different from that of the lighter ones. 
This possibility is further suggested by the favoured alpha decay of 99E2538 which 
appears to populate the ground-state rotational band in Bk?29, From the observed 
energy intervals it appears that the ground-state spin of Bk?79 (and of E253) is 7/2. 
Accordingly, we have assigned the orbital [633 7/2] to the Bk29 ground state. The 
favoured alpha decay of Bk?19 populates a level at about 400 keV in Am?%5 and this 
level is thus also assigned the configuration [633 7/2). 

Finally, a slightly hindered alpha group from Bk?49 populates a level at — 40 
keV in Am245, This level is most probably the [642 5/2] configuration which is known 
from the Np spectra to lie very close to the orbital [523 5/21. 

The beta decay from Bk?49 to the Cf249 ground state with log ft = 6.9 further 
supports the assumed classification of Bk249, This classification assigns the decay a 
1u character. 
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Å > 245. 


Evidence from the spectra of the even-even nuclei indicates that the heaviest 
known nuclides continue to exhibit the simple rotational spectra characteristic of 
strongly deformed, axially symmetric systems. This fact can also be understood in 
terms of the calculation of equilibrium shapes discussed in $ IV. One thus expects 
that, for a considerable distance beyond Å = 245, the odd-AÅ nuclei may still be descri- 
bed quite well by means of the coupling scheme employed in the present article and 
in particular in terms of the single-particle level spectra of Figs. 5 and 6. There is 
not at the present time sufficient data available to warrant an extension of the 
analysis into this region. 

In this region, there is, however, one very striking experimental fact which 
seems to fit in well with these theoretical ideas. It has been observed that there is a 
marked discontinuity in the nuclear binding energies associated with the neutron 
number N = 152 (Gx1ogrso et al., 1954). Thus, the alpha-decay energy of nuclei with 
N = 154 is unusually great. Further, the spontaneous fission half-lives of the nuclei 
with N > 152 are unusually short and have been interpreted in terms of an especially 
low binding energy for these isotopes. The data are consistent with the assumption 
that there is a gap of about 300 keV between the orbital of the 151% and 1537 neutron. 
This discontinuity in the binding energy is not accompanied by any noticeable dis- 
continuity in the nuclear moment of inertia or in the intensities of the alpha-decay 
fine structure populating states in a rotational band. These facts can be understood 
in terms of Fig. 6, according to which there is a considerable energy gap between the 
filling of the orbitals [624 7/2] and [734 9/2] (filled at N = 152) and the orbitals 
[725 11/2], [613 7/2], and [620 1/2] which are expected to start filling at N = 153. 

Since the new orbits that come after N = 152 have about the same general 
structure and the same polarizing effect on the nuclear shape (i. e., the same slope 
in Fig. 6 as a function of 6) as the orbits filled before N = 152, one does not expect 
any great change in the nuclear eccentricity, in the moment of inertia, or in the alpha 
fine structure intensities. 


III. MOMENTS OF INERTIA 


The momenis of inertia corresponding to the rotational bands in the spectra 
discussed in $ II are found to vary considerably in going from one intrinsic state 
to another and are also systematically larger than the moments of inertia corresponding 
to the ground state rotational bands in neighbouring even-even nuclei (cf. Table VI). 
In this section, we shall attempt an analysis of this effect on the basis of a simplified 
model in which we treat the last odd nucleon in terms of an independent-particle 
description, but assume that an appreciable energy is required to excite a pair of 
nucleons from the even-even core into a state in which they are no longer paired. 
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The nuclear rotational energy represents the additional kinetic energy which the 
nucleons must have in order to follow the rotation of the nuclear field. Thus, the 
moment of inertia, 2,, for rotation about the intrinsic x-axis and associated with the 
intrinsic configuration a, may be expressed as (INGLis, 1954; cf. also BoHxR and Mort- 


TELSON, 1955a) 
FAE 
eee XT 
i are SS (5) 


mmm 
TE: 


where J, is the x-component of the total intrinsic angular momentum of all the nucleons. 
The sum in (5) extends over all the intrinsic states i. 

If the whole of the intrinsic motion were described in terms of an independent- 
particle model, the expression (5) would yield the rigid moment of inertia for all 
intrinsic configurations (BoHR and MOTTELSON, 1955a). Thus, in this approximation, 
the calculated moments of inertia are systematically larger than those observed, and 
there is no significant difference between odd and even nuclei. However, correlations 
in the intrinsic motion of the type implied by short-range attractive forces tend to 
reduce the value of J. 

In a rough approximation, we may describe the effect of these forces in terms 
of a pairing energy. Thus, in the lowest configuration of an even-even nucleus (total 
K = 0), each nucleon in an orbit +K, is paired with a nucleon with —K,. These two 
nucleons will interact especially strongly with each other, both because of the similarity 
of their wave functions and because of the many near-lying pairs of states with total 
K = 0 into which they may scatter. In order to obtain an excited intrinsic state with 
K = 1, as required for the states i in the sum (1), at least one such pair must be broken, 
and so the excitation energy of the states i will be appreciably greater than would 
have been estimated from an independent-particle model. 

We may thus obtain a very rough estimate” of the expression (5) by replacing 
the matrix elements and energies E, by values obtained from an independent-particle 
description, but increasing the value of the denominators by the pairing energy Å when- 
ever the state i has more unpaired nucleons than the state a. The observed magnitude of 
the moments of inertia of the even-even nuclei indicate that A + 2 MeV. In this ap- 
proximation, the difference in I between an even-even nucleus and the next odd-A 
nucleus is 


sees VÅD æg Tæller | 
BRED fi red lå NET PEPE. (6) 
4 — | &— £a | — Ea FÅ — 8; 


i 


where j, is the æ-component of the angular momentum of the last odd nucleon, and 
the energies &, and &, are the energies of the intrinsic states i and a of this particle. 


1 This method of estimating the effect of the pairing forces has been considered in connection with 
the calculations of the total moment of inertia by BoxrR and MottELsoN (1955a) and by MoszkowskiI (1956). 
9x 
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155 157 161 161 161 163 167 171 173 177 179 183 183  Odd- neutron 


Gd3,. Gd3,,- Dys,,+ Dys/,- Dy3,- DYs,- Er + Yby,- Ybs,,- Hf%,- H+ W112- W3- nucleus 


Fig. 7. Variations in the moments of inertia of odd-N nuclei in the region 155 < A < 183. The figure is based 

on the material contained in Table VI:a. The abscissa gives the nuclide together with the K-value and 

parity which characterize the intrinsic state. The ordinate corresponds to the difference in the moment of 

inertia of the rotational band in the odd-A nucleus and the moment of the ground state rotational band of 

the adjacent even-even nucleus. The theoretical values in the figure are calculated from Eq. (6). This figure 

is reproduced from the article by O. Prior, Ark. f. Fysik (in press), which may also be consulted for similar 
figures for odd-Z nuclei. 


In evaluating (6) we have neglected the contribution of the last term which is 
usually quite small and therefore probably not significant within the accuracy of the 
approximation involved in obtaining this expression. 

The contribution of the last odd nucleon has been calculated, using the wave 
functions and classification of the intrinsic states given in & II. The results are com- 
pared with the experimental moments in Table VI and in Figs. 7 and 8?. It is seen 
that the simple expression (6) and the one-particle wave functions reproduce quite 
well the main variations in the moments of inertia. It has already been mentioned 

7 The evaluation of (6) has been performed by Mr. O. Prior, and we wish to thank him for permission 
to include his results in the present paper. For further details of these calculations, see O. PrRIoR (1958, 


in press). The expression (6) has also been used by D. Bés (1958) in his discussion of the exceptionally great 
moment of inertia of the ground-state rotational band of Dy!é, 


NzS8 E 69 


e €exp. 
I x theor, 


30 


20 


229 231 233 233 235 235 239 239 239 241 245 245 245 Odd-neutron 
TR, TR ,+ U5%+ U3,…+ U%- Us PU Pus, PU%,- Pus, + ( CM ,+ CM, . nucleus 


Fig. 8. Variations in the moments of inertia of odd-N nuclei in the region 229 < A < 245. See caption to Fig. 7. 


several times in $ II that the configurations with large intrinsic angular momenta 
stand out clearly because of the exceptionally large moments of inertia which cha- 
racterize their rotational bands”. 


NACE GUBATIONFOFFTHESEOUTCIBRIUMSSHAPE 


In the previous section, we have considered the interpretation of a large number 
of nuclear properties all of which were associated with the state of the last odd particle. 
In the present section, we shall attempt a discussion of a collective property, the 
nuclear equilibrium shape, in terms of the independent-particle model. Thus, we 
obtain an estimate of the total nuclear energy as a function of the deformation då by 
summing the one-particle energies of Figs. 2—6. According to this model, the nuclear 
equilibrium shape should correspond with that value of & which makes the total 
energy a minimum, subject to the constraint that the volume contained within the 
equipotential surfaces is independent of å (cf. SGN for the details of this calculation). 

The most simple calculation of this type corresponds to assuming a definite 
orbital assignment for each nucleon. The equilibrium deformations calculated in this 
way for the nuclear ground-state configurations are shown in Fig. 9. The experimental 
deformations, deduced from the measured intrinsic quadrupole moments by means 
of (1), are also shown in this figure. It is seen that the theoretical estimates reproduce 
quite well the observed nuclear distortions. The sharp rise in the distortion at N = 90 


1 This effect has been previously noted in Np?%7 by HOLLANDER, SMITH, and RASMUSSEN (1956), 
Phys'Rev:102,71372. 
Mat. Fys.Skr.Dan.Vid. Selsk. 1, no. 8. 10 
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"TABLE VI. Contribution to the moment of inertia from the last odd particle. a) odd-N nuclei. 
3n? 3n? oJexp | Forn 
Assigned | Levelsin rotational | a 5 1 | ) 
Nucleus - exp VER NES ere HE Søe Sri 
orbital band (kev) (keV) (kev) oj e/ 
(U 0 
7; 146 
GARs [521 3/2] 5j2 lå) 69 0.31 72 123 26 12 
32) (i) 
HVAGSÅ ) 431 
Ga [521 73/2] LERET 037 66 89 17 12 
312) 
9; Å) 102 
sed y [642 5/2] 722) 44 0.30 38 87 62 41 
A 
5/2) 9 
9/20) 593 
belyeun [523 5/2] DAGA 103 0230 66 87 15 15 
52 P) 56 
sCHORER a fÅ 
Å syr SD syg Å 
95 D)y161 [521 3/2] (B) 0.30 68 87 13 12 
S Jen SETE 
og) ) 4167 
Å 
97)y163 [523 5/2] 7j2 NÅ) 74 0.30 63 81 14 15 
5 as 
11/2 (4) 1792 
993167 [633 7/2] 9/2 (4) 18 0.29 52 81 27 29 
DAGER 
RE ) 76 
A 
YDES [521 1/2] 372) 67 0.87 0.28 3 84 ad 6 
1/22) 9 


Column one gives the nuclide, column t 


each band, column three the experimentally 


seven list the experimental values of the inertial p 
intrinsic state and the same parameter for the neighb 
hibits the observed contribution of the last odd par 
from the difference of columns six and seven, and is expresse 


(8; 
ÅBEDE BIS kvaler 03 


(ea 


Vrig 


present model and listed in column nine. 


rig 


wo the orbital assignment ot the intrinsic state characterizing 
identified members of the rotational band. Columns six and 
arameter, 3f2/J, Characterizing the rotational band on each 
ouring even-even nucleus of mass A-1. Column eight ex- 
ticle to the moment of inertia; this quantity is obtained 
d in units of the rigid moment of inertia (see 


63 
is to be compared with the values —Torb «alculated from the wave functions of the 
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TABLE VI (continued). 
SS HULEN FUER: Es ng Ds | ga 
Assigne evels In rotatliona 
QuleDs orbital band (kev) exp o I /oaa| VI /e-e! rig Srig 
(keV) (keV) 0/ 0/ 
0 10 
Å 
9/2 (Å) 180 
103yp173 [512 5/2] 7/22) 79 0.28 68 79 7 7 
A 
5/2 ( ) 0 
A 
11/22) 550 
103Hf177 [514 7/2] 9/22) 143 0.27 75 88 i 7 
A 
7/22) 9 
A 
13/2.) 562 
107Hf179 [624 9/2] 11/22) 494 0.26 66 93 16 Di 
A 
9/2 (4) 9 
7122) 507 i 
5/2 lå) 99 4 ; 78.1 Sa I 
109183 [510 1/2] SN RG 0.19 0.21 Sg 100 (3) $ 
3/9) 46.5 (25) (ai) (4) 
2 £2 0 
A 
7/22) 412.1 0 
É 8 
109153 [512 3/2] 5/0 lå) 991.7 0.21 SDR 00 (7) Y 
bx SR ly i (84.3) (ii) (4) 
SDN DDSER 
B 
9/2 P) 99 
139 mp 229 [633 5/2] 7/9 (BP) D:22 37 58 23 12 
(i) 
;V 22 ær 
7/2 (B) 42 
/ RS ce og | -g i; AR 
141Ph231 [633 5/2] TE 0.23 36 53 21 16 
5/2 ——0 (i) 
9/2 Å) 92 
14177233 [633 5/2] 72 40 0.24 34 47 iilz 16 
A 
5/2) 9 
(B) 
lg ØERLE Ø 
1417y233 [631 3/2] SE Ba 0.24 35 47 ig 16 
an ES sa 
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Nucleus 


Assigned 
orbital 


Levels in rotational 
band (kev) 


143T 7235 
92U 


[743 7/2] 


11/22 403 


ICM 


143T 7235 
92U 


[631 1/2] 


145 239 
å RU 


[631 1/2] 


,- 


145 239 
sal 


[622 5/2] 


(4) 


(4) 


——388 
7/2——331 


be DELES 


145 239 
saPUu 


[743 7/2] 


mene 
(B) 


BO) 


OPR SLÆRSA 


392 


147 241 
bu 


[622 5/2] 


ler, 


149 245 
o6cm 


[624 7/2] 


ER 124 
ye (dB). 


0.27 


149 245 
oscm 


[622 5/2] 


9/2) 357 


7/2 P) 304 


5/2) 557 


1490m 245 
6 


[734 9/2] 


(B) 


(PB) 150 


9/2/P) 394 


ise 
11/2 


511 
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b) odd-Z nuclei. 


i 3n2 2 og oJ 
NØclene Assigned | Levels in rotational| 4 ER ) z ) exP ke 
orbital band (kev) exp då 3 /odd VI 'ere Srig | Srig 
(kev) (kev) ol, ol, 
EET] RR 
9j2 lå) 199 
; Å 
Buet [413 5/2] 7/2 Å) 83 0.30 Tal 122 26 8 
5/2 lå) 9 (i) 
(B) 
E 5/2 —172 
eee [411 3/2] i (4) 0.30 83 122 18 8 
SDR Os (i) 
7/2 NC) 444 
92 p137 [411 3/2] 5/20) 64 0.31 18 89 in 7 
B 
3/2(B) 9 
Å 
7/2 Å) 438 
95 159 (4) 
make [411 3/2] 5/2—58 031 70 1.9 8 8 
3/2 MÅ) 9 
(B) 
5/2 —57 
9% p161 [411 3/2] ! E 0.31 68 76 6 j 
Song 
A 
11/22) 512 
PB ELolee 15237712] 9/2 sÆ) 95 0.30 63 73 8 187 
Å 
7/22) 0 
7/22) 439.09 
red 5/22) 118.2 
00 pm 169 [411 1/2] (4) Form Ros 74 80 4 3 
DES 
112lå) 9 
SER 
100Pm169 [523 7/27 SLS er 0.28 63 80 13 18 
T/o >? 379 
7/22) 1991 
Be 
eg raid [411 1/2] ye FG — 0.86 0.28 72 80 5 5 
BDR Ene 
Å: 
1/2) 9 
(C) 
102 pm 171 [411 3/2] i 0.28 67 80 9 i 
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Assigned | Levels in rotational 3 ==) Sexp ?Sorb 
Q EN 
NG GER orbital band (keV) exp 2 I /oaall 3 /e-e | Srig | Yrig 
(kev) (kev) 0/, ol, 
ER ES EN Se re ST en ae Er eN ere 
A 
11/2 ) 951 
1047 4175 [404 7/2] ojol) 414 0.28 76 77 0 3 
A 
7/22) 9 
(4) 
N DELEN SES) 
LOS TE 125 [402 5/2] H en 0.28 ll 17 0 2 
bg Es= 2848 
(4) 
DES] 79 
Kl grkde [404 7/2] ' (A) 0.26 79 78 =dl 3 
UPS 
A 
ii ) 301 
A 
10874181 [404 7/2] 9j;2 (2) 136 0.23 91 93 1 3 
7/2 9 
. 9j;2/P) 569 
B 
108R 183 [402 5/2] 72 P) 414 0.21 98 100 i: 3 
5/2 P) 9 
me (C) 
15664 
VER eres [514 9/2]  (C) 0.21 92 100 3 13 
9/2—-496 
9/20) 586 
A 
110 g185 [402 5/2] 7/22) 425 0.19 107 112 i 2 
So SD: 0 
A 
9/20 > 300 
A 
11?Rel87 [402 5/2] 7/2 0Å) 134 0.19 115 124 2 2 
5/2 (4) 6 
B 
9/2 (B) 3440 
124725 [202 5/2] 7/2-P) 1610 0.35 1380 1380 0 15 
sjal) 9 (i) 
AE i 
5/22) 1810 
25 sg lå) og 
12A] PAIN 3/2) 950 OT ET 020 1380 28 24 
(A) (i) 


1/2 —450 
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3n? 3n2? DRS | Dr 
Assigned — Levels in rotational ES SR 
ARGleus orbital band (kev) 2exp é 3 /oaa ! 3 /ere! Srig Vug 
(kev) | (kev) o/ of 
(U (u 
5/2 NÅ) 3880 
Å 
NE [200 1/2] 3/2 (4) 5709 — 0.02 0.37 910 1380 34 17 
Å . 
1/22) 5500 OD 
1 jo) 3850 
SAD [330 1/2] 7/2) 3720 — 0.56 0.55 680 1380 63 39 
SÅ! . 
3/2 (4) 3099 HO 
ÅA 
5/22) 4600 
124725 [211 3/2] (A) =D 0.39 460 1380 130 47 
SPEED) ; 
(i) 
B 
5/2/P) 69 
'B 
7/2. P) 56 
area? [530 1/2] (GG) =1731 0.24 36 På 20 5 
g il SEE (i) 
3/2 (P) 9 
LL) 
142 4233 [642 5/2] re FÅ) E 0.24 1% 5Ø i 35 
BJ 6 (i) 
ÅA 
9/2 (4) 76 
14409237 [642 5/2] 7/22) 33 0.25 28 45 29 32 
Bane 
9j2 LÅ 160 
3 EN i ; 
14419237 [523 5/2] TIDS 4 ()3 0.25 37 45 il 9 
5 Æg 
rå i B) 34 
14607239 [642 5/2] FSR 0.26 27 45 33 29 
5/2 (2) 0 
9j2/P) 473 
' (Dyer gl i E: 
146 N 9239 [523 5/2] rå) 11 0.26 37 45 10 8 
5/2) 74 
rr 
DES) Å Å 3 
146 93 5/2 027 36 43 10 8 
46 Am241 [523 5/2] Sy 3 


0307 


Q25+ 


Q20>— 


0157 


010>— 


005+ 
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TABLE VI (continued). 


| ' (5 (5 ORE OSTER 
Assigned | Levels in rotationa S =SF 
Nude orb lt | band (kevV)  exp d 3 /oaa! 3 /ee| Irig Srig 
| (kev) (kev) ol, %/, 
| (C) 
148 Am 243 [523 5/2] Te HR "a 0.27 36 45 11 8 
5/2P) 84 


(i) The estimate of the contribution of the last odd particle to the observed moment of inertia is some- 
what obscured by the rapid variation of the deformation and moment of inertia observed for the even-even 


isotopes in this region of elements. 
(ii) The values in parenthesis indicate that the effect of the Coriolis couplings to the especially close- 
lying states have been subtracted both from the observed and the calculated moments (see A. KERMAN, 1955). 


is found to reflect a rather unusual situation in which the closed shell at N = 82 is 
partially broken as a result of the deformation (cf. the discussion in $ II, A = 153, 
and in MN). In the heavy element region, the calculations have been carried to A = 243. 
Beyond this point, it is expected that the distortion will gradually decrease with in- 
creasing Å. 

Calculations have also been made in the light-element region around A = 25 


0 Experimental deformations of even-even nuclei 


x "—— -+ odd-A nuclej 


CX Calculated — 1 -t- 4 


; here Tr d 


150 155 160 165 170 175 180 185 190 195 205 210 22! 230 235 240 245 A 


Fig. 9. Nuclear deformations. The solid line represents calculated values of the equilibrium deformation for 
odd-A nuclides along the valley of beta stability. The experimental data corresponds to d-values obtained 
by means of Eq. (1) froin measured Q, values. These latter are based on observed E2 transition probabilities 
and their experimental uncertainty is usually of the order 10—20 ?/,. Values of & corresponding to odd-A 
nuclides are denoted by crosses. Even-even nuclei, denoted by circles, are included for completeness. Most 
of the experimental data can be found in ABH. In the heavy element region, we have included the more 
recent Q, determinations by J. O. NEwrTon (1957a, 1957b, and private communication; cf. also SHS). The 
deformations of the Am isotopes are obtained from the hfs measurements of MANNING, FRED, and TOMKINS 
(1956), Phys. Rev. 102, 1108. 
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(cf. Fig. 10 for the A = 25 calculations; see also Rakavy, 1957, for estimates of å in 
this region). It is found that the deformations in the light-element region are greater 
than in the region 150 < A < 190 and that the latter deformations are larger than those 
estimated for the region A > 220. This decrease in å with in creasing Å reflects the fact 
that, in the present model, the deformations are fundamentally of order AT", 


E(å) 
Mev | 
1 [211 3/72] | 
SØG | [200 V2] 
EG [202 5/2] 
Eg [202 3/2] 
BG [211 V2] 
[330 V2] 
å 
(27895 
å 


GE END, Kr Fåi i: SKSSE FE 


T T Fr T I Er 
505 == 054 50/3 HE = 0/2 ON 0 045027 10,3 70,474 0. 5206 


Fig. 10. Equilibrium calculations corresponding to a number of intrinsic configurations in AP, The total energy 

is plotted as a function of åd based on the sequence of single-particle orbitals according to Fig. 2. The 

choices of configurations for which E (0) is plotted for prolate d-values correspond to leaving the four neutrons 

and four protons outside of closed shells in the configuration [220 1/2]? [211 3/2]? and placing the fifth proton 

successively in the orbitals indicated in the figure. These are of course only a few of the possible configurations. 

For instance, the "'hole”-state proton configuration [220 1/2]? [211 3/27" [211 1/2]? is thus not considered 
in this figure. 


For a number of nuclei, more detailed calculations have been made, including 
the possibility of changing the intrinsic configuration with changing då. Such calculations 
make it possible to explore the dependence of the nuclear energy on deformation 
over a larger range of deformations and in particular to compare the energy for 
prolate and oblate deformations. 

The results of some of these calculations are shown in Figs. 10—12. It is found 
that, in the region around A = 25 as well as 150 < A < 190 and A > 230, the prolate 
deformations give rise to states of lower energy than do oblate distortions. This is 
in agreement with the observed positive quadrupole moments reported in all these re- 
gions. (The one possible exception to this rule is provided by the reported negative qua- 
drupole moment of Ac?227, which is discussed on page 51.) Fig. 11 indicates that the prolate 
shape is favoured by almost 6 MeV in the region of Tm169, With increasing A this 
preference for the prolate shape is found to decrease gradually until, in the neigh- 
bourhood of Au!9, it is found that the calculated prolate and oblate equilibrium 
distortions have about the same energy. Fig. 12 indicates that, according to the present 
calculations, the prolate deformation should be favoured by about 2 MeV in the neigh- 
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bourhood of Ac??, With increasing Å beyond Ace the preference for prolate shape 
inereases, 

Fig, 12 also illustrates the possibility of two near-lving minima corresponding 
to two rather different equilibrium shapes. An effect similar to this is also found in 
the region around Eu, and the shitt from one to the other of these two minima in 
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Kquitidrium calcutations fjor TRE including different intrinsic configurations. The calculations in- 
dicate a great preterence for prolate deformations. 


going from Ku!td! to Eu!dS leads to a quadrupole moment of the latter about twice 
as hig as that of the former of these isotopes. 

Finally, we mention a numher of more detailed considerations involved in 
estimating equilibrium shapes from the present model. 

l. Ilm summing the energies of the single-particle orbitals, the kinetic energies 
may simply he added, while the situation is more complicated for the potential energies. 
Thus, if the potential energy is assumed to be due to two-body forces, one should 
take onlv half the sum of the single-particle potential energies [cf. (SGN)]. This com- 
plication is, however, of no importance for the pure harmonic oscillator potential 
for which < 7, > = < V, >. The total energy then equals a fraction (in the case of 
two-body forces 3/4) of the sum of all the single-particle energies. To the extent that 
the potential deviates from the pure oscillator, e. g., by the added 1-5 and P2 terms, 
one may expeet some correction terms in the total energy [cf. Eq. (C3) of (SGN))]. 
Ås, however, the 7-5 and P terms show only & slight d-dependence at moderately large 
deformations, the equilibrium deformation corresponding to a given configuration is 
not siguificantly aftected by these correction terms. 
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The correction terms might, however, be important for the envelope of the de- 
formation curves. In other words, the ordering between configurations might be 
changed, such that in the choice between two orbitals & and /, of which Ø corresponded 
to a higher single-particle energy, the total energy might still be lower for the con- 


E(6) 


Mev | 


FÅ Spherical nucleus 


0.2 0.1 0 0.1 0.2 03 


Fig. 12. Equilibrium calculations for Ac?” including different available intrinsic configurations. The preference 
for prolate deformations amounts here to a relative energy gain of «— 2 MeV. Another interesting feature is 
the close competition between two groups of configurations with minima for rather different prolate deførma- 
tions. These groups correspond alternatively to the i 13/2 shell being completely filled or partially brøken. 


figuration Ø instead of «. This would be the case if a very large fraction of Eg were 
potential energy (in contrast to the case &x). 

Such a reordering of levels is, however, probably largely taken into account by 
the fact that the parameters of the potential are determined so as to give the empirical 
level ordering in actual nuclei (or empirical ground-state configurations of a series 
of nuclei). 

2. The assumption of constant volume within the equipotential surfaces is 
intended to reflect approximately the incompressibility of nuclear matter. It is, none 
the less, the most arbitrary element in the present calculations. For a pure harmonic 
oscillator potential, the equilibrium distortion determined by this condition is alsø the 
distortion which makes the eccentricity of the potential and the mass distribution the 
same, i. e., it is the shape that must be chosen to get a self-consistent field, assuming 
the nuclear forces to have very short range. 

3. The Coulomb energy does not greatly affect the position of the energy minimum 
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of a particular configuration. The '"'envelope” curve, giving the ordering of the minima 
of different configurations, might be more seriously affected. However, the effect of 
this additional interaction between the protons is probably to some extent taken into 
account by the choice of a larger w in calculating the proton orbitals (see the captions 
to. Figs. 2—6). 

4. The residual interactions have been entirely neglected in these calculations 
which assume completely independent particle motion. These interactions are known 
to mix paired configurations which lie within an energy interval of about 1 MeV of 
the last filled orbital. At small deformations, this effect is very important and leads 
eventually to the preference for spherical shape characteristic of configurations in the 
neighbourhood of closed shells. However, for large deformations, such as those ob- 


TABLE VII. Magnetic moments. a) Odd-Z nuclei. 


Energy of å | 
Nucleus STER Iexp REN AL DEO) | Mtheo | Hexp Ref. 
state | | 
1019 K; | 1/2 | [220 1/2] HÆROrd | DUT | 2.63 SHS 
1019 Loe 52. [220 1/2] om HERE Ss> 3.5 (a) 
12Na23 N: gø 215532) — 0.5 | 2FASERN HD 522: SHS 
14 A]27 (575 [202 5/2] 013 15555337 3.64 | SHS 
| | 
84151 &£ | 5/2 [532 5/2] 0.16 | SME RES SHS 
904153 ie 5/2 | [413 5/2] Ego | | 5 SHS 
24 p159 gs SIDE 1] [411 3/2] | 0.31 DR | bs SHS 
9899165 A: TØ N [523 7/2] 0.30 ASER 33 SHS 
100 m169 Si ie 1) [411 1/2] 0.29 = VORE HE] SHS 
1047 4275 K: JORN [404 7/2] Os FRE 2.0 (b) 
1084181 h. 72 | [404 7/2] ODS Br DET! SHS 
1084181 482 DØ | [402 5/2] 0.23 3 388 (c) 
110R e185 rØ 5/2 [402 5/2] I DSL9 SNl 3.14 SHS 
112R 187 mø 5/2 [402 5/2] (or se 3.18 SHS 
114 [191 ze: SYDX. 0 [402 3/2] 0.14 0.0 0.2 SHS 
11677193 Sk 32 | [402 3/2] fo 0.0 02 SHS 
1884 c227 na 3/2 [530 1/2] OA ild SHS 
144N 9237 På 5/2 [642 5/2] 0.25 3.0 +6+2.5| SHS 
144Np237 60 5/2 [523 5/2] 025 HEE 0 SAJEN (ad) 
146 Am241 ag 5/2 [523 5/2 18850827 Fr 0 1.4 SHS 
148 Am 243 ig 5/2 [523 5/2] 0127 Ma ml SHS 


The table lists the odd-A nuclei in the regions of elements which exhibit deformations and for which 
there exist measured magnetic moments. The first section, a), corresponds to odd-proton nuclei. The first 
two columns in this table identify the nuclide (and the excitation energy in the case of isomeric states) for 
which there exists a measurement. Column four gives the state assignment in terms of the quantum num- 
bers [Nn, AK]. Column five lists the assumed values of the distortion parameter å, cf. Fig. 9. In the region 


near A = 25, we have relied mainly on theoretical equilibrium calculations. The calculated and experi- 
mental values of the magnetic moments are compared in columns six and seven. 


Nr. 8 81 
b) Odd-N nuclei. 
Fnerey ro Assigned Assumed 
Nucleus sRRRENN lexp SR 5 Htheo Hexp Ref. 
1gNe2l 3 [2 [211 3/2] w 0.5 — 0.8 — 0.66 SHS 
amet 5/2 [202 5/2] w 0.4 —1.1 — 0.86 SHS 
Ge EUS 3/2 [521 3/2] 0:31 — 0.5 — 0.30 SETS 
sole 3/2 [521 3/2] 0:31 — 0.5 — 0.37 SHS 
Bel) ylål 5/2 [642 5/2] VÆ — 0.6 — 0.37 (i) 
BD ye 5/2 [SA3E5/2] 0.30 pal 0.51 (i) 
een eg 72 [633 7/2] 0.29 — 0.8 + 0.5 SHS 
>SRUEE 1/2 [521512] 0.28 0.7 0.46 SES 
Eve YDES SV [512 75/2] 0.28 — 0.8 — 0.65 SHS 
Se YDES Se OR [514 7/2] 0.28 14 w 0.15 (e) 
SETE: SE 7/2 [5147/27] 027 1.4 0.6 SHS 
PILE 36 9/2 [624 9/2] 0.26 — 1.0 — 0.47 SHS 
Wass RL 1/2 [510 1/2] 0:21 0.8 0.12 SHS 
sag OSTE Es 1/2 [510 1/2] 0.18 0.8 0.12 SHS 
Oss ey 3/2 [512732] OT5 0.9 0.65 SHS 
FRUL ES så 5/2 [633 5/2] 0.23 0.7 0.51 SHS 
FRUE ze TØ [743 7/2] 0.24 — 0.6 — 0.34 SHS) 
nen22? ze 1/2 [631 1/2] 0.26 —0.1 + 0.02 (g) 
rene ren 5/2 [622 5/2] 0:27 — 0.5 +0.1 (h) 


(SHS) STROMINGER, HOLLANDER, and SEABORG (1958). 

(a) LEHMANN, LEVEQUE, FIEHRER, and Pick (1956), J. Phys. Rad. 17, 560; W.R. PHILLirs and 
GRAF Jones" (19565), Phil Mag" 17576; "PSBSTREACY (1955); -Nature. 176; 923: 

(b) A. STEUDEL (1957), Naturw. 44, 371. 

(c) DEBRUNNER, HEER, KiNDIG, and RGETscHI (1957), Helv. Phys. Acta 29, 463. 

(d) KrRoHN, Novey, and RaBoy, as reported in Nucl. Data Cards. 

(e) GRACE, JOHNSON, SCURLOCK, and TAYLOR (1957), Phil. Mag. 2, 1079. This experimental magnetic 
moment disagrees quite badly with the value calculated for this orbital and also with the value observed 
for the same orbital occurring as the ground state in Hf”. If this value is indeed confirmed it will constitute 
a rather serious discrepancy with the predictions of the present model. 

HD)IKSE'SrLurs and"J. R. MCNArLY (4955), "Journ. Opt..Soc. Am, 45, 56. 

(g) HuBBs, MARRUS, NIERENBERG, and WORCESTER (1958), Phys. Rev. 109, 390. 

(h) The Pu?7 moment is calculated from the ratio 


p(Pu241) 
| W (Pu?39) 


measured by BLEANEY, LLEWELLYN, PRYCE, and HALL (1954), Phil. Mag. 45, 991, and from the Pu?3? moment 
given in (g). 
(i) J. G. Park (1958), Proc. Roy. Soc. 245, 118 (added in proof). 


served in the regions covered by Fig. 9, the calculated equilibrium is usually not 
sensitive to a mixing of orbitals that lie within a region of 1 MeV, and thus the residual 
interactions are not important for these calculations. This situation is thus quite dif- 
ferent from that in the calculation of the moments of inertia of even-even-nuclei which 
are changed by more than a factor of two as a result of the residual interactions 


(ls) 


Mat. Fys.Skr. Dan. Vid.Selsk, 1, no. 8. fi 


82 INrÆs 


NJCONCLUSION 


In the present paper, we have attempted to classify the observed spectra of the 
odd-A nuclei in those regions of elements where it is known that the nuclear equilibrium 
shape deviates essentially from spherical symmetry. The spectra consist of a sequence 
of intrinsic states with each of which is associated a rotational band. The interpretation 
of the intrinsic excitations is based on a very simple one-particle description, in which 
each intrinsic state is associated with one of the orbitals of the last odd nucleon assumed 
to move independently in an average nuclear field. It is an important feature of the 
independent-particle motion in these nuclei that the binding field deviates considerably 
from spherical symmetry. 

The main results of the classification are presented in $ II which treats system- 
atically the available data on the nuclear spectra in the regions of interest. It is found 
that the one-particle model is able to give correctly the sequence of K and parity values 
observed for the intrinsic excitations. The interpretation of the intrinsic states, as 
corresponding approximately to simple one-particle excitations, is further supported 
by a comparison of the momenis and transition probabilities for these states with 
the values calculated from the one-particle wave functions. The moments of inertia 
and quadrupole moments are discussed in $$ III and IV. In the present paragraph, 


SE bx Log ft-values of allowed beta transitions 
z 2lz according to the classification "hi i 
k 2 = or "unhindered” in the "asymptotic" quantum 
S= 2 numbers. 
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Fig. 13. Histogram of allowed beta decay ft-values. The figure is based upon the material collected in Table IX a. 

One sees that the transitions separate clearly into two groups; those transitions which, according to the 

classifications of $ II, are classified as allowed and unhindered are found to have log ft < 5, while those 

that are hindered according to this classification have ft-values that are larger by a factor ranging from 
about 10 to 100. 


NrE8 gg 83 


bd 
w 
Zu 
BOR 
(SAs a 
su 
ocvu 
ske 
vi 
Fun 
ER TEL 
zZzAav 
10 
É M 
NNA 
5.0 55 6.0 6.5 mo 7,5 8.0 Log ft-value 
k 
> 
guy 
nc 
Bu 
oo 
LS av 
vie 
FSR 
5ge 
22% 
10 


Hindered 
5,0 55 6.0 6.5 TO TÅ 8,0 Log ft-value 


Fig. 14. Histogram of first forbidden beta decay ft-values. The figure is "based "upon the material collected in 
Table IX:b and plots only those transitions that correspond to AI =0 or 1. One sees that the transitions 
which, according to $ II, are classified as first forbidden and unhindered have log ft-values ranging from 
about 5.5 tø 7.5. Only a few transitions have been observed which are classified as first forbidden hindered. 
The experimental failure to observe these transitions is in agreement with the theoretical expectation that 
their log ft-values should be of the order of, or greater than, — 7.5, which often implies intensities too low 
for detection. Of those first forbidden hindered transitions which are observed two are found to have 
log ft — 7. Both these transitions occur in the decay scheme for A = 153; one could perhaps attribute this 
partial breakdown of the asymptotic selection rules to the fact that these nuclei are just on the edge of the 
region where the present coupling scheme applies. 


we give in Tables VII—X and Figs. 13—17 a summary of the comparison of the 
predictions of the model with data available on magnetic moments, rotational de- 
coupling factors, and beta and gamma transition rates. It is seen that the selection 
rules implied by the asymptotic form of the one-particle wave function play an 
important role in influencing the beta- and gamma-ray transition rates. Thus, for 


example, it is found (cf. Table IX, Figs. 13 and 14) that the overwhelming majo- 
1, 
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Fig. 15. Hindrance factors for gamma transitions. The figure is based on Table X. One sees that transitions 
which are classified as unhindered in the asymptotic selection rules have transition rates that are within 
about a factor of 10 of those expected for a single proton moving within a spherical potential. Transitions 
which are classified as hindered have transition rates that are from 10? to 108 times slower. 


TABLE VIII. Decoupling factors characterizing rotational bands which have K= 1/2. 


de REED Orbital 18 2 Assumed Dependence of atheo on def. 
intrinsic | assignment | "exP | Atheo 
state (0) n n=0 2 4 6 00 
NE: 450 [211 1/2] |—0.02 0.0 | 0.40 5.0 LOOOL SON ROSES ES OSTER 009 
13Mg25 580 [211 1/2] |—0.20 0.0 | 0.40 50 1.00" 0.80! 0.141'—011' 70:00 
NED 2510 [200 1/2] |—0.56| —0.2 |! 0.37 4.6 |—2.00!—1.401—0.36| 0.15| 1.00 
jo Mg2> 2560 [200 1/2] |—0.42 | —0.2 |! 0.37 4.6 2.00 |—1.40/—0.36|! 0.15! 1.00 
Ale 3090 [330302] ESSEN RES 054 6.7 4.00 | — 3.82 | — 3.37 | — 2.91 | — 1.00 
MESS 3400 [5302] ET 5 3 054 6.7 4.00 | — 3.82 | — 3.37 | — 2.91 | — 1.00 
AA DIEU 243 [521 1/2] 1.0 ODO 6.0 |—2.00| 0.78| 0.95! 0.89! 0.00 
segl me, 0 [411 1/2] |1—0.77| —0.9 | 0.29 4.8 2.00!—1.101—0.931—0.79| 0.00 
Hand 0 [411 1/2] |—0.87| —0.9 | 0.29 4.8 2.00!—1.101—0.93|1—0.79 | 0.00 
SS DE 0 [521172] 0.85 OR RO 28 STINE 200 ROST SE ROOS EO SOE 0 
EAWESL ty ks) [510 1/2] 0.22! —0.2 | 0.23 4.6 3.00| 0.16|—0.17|—0.34 |— 1.00 
BANNER 0 [510 1/2] 0.171 —0.2. | 0.21 AZ 3.00! 0.16|—0.17|—0.34 |— 1.00 
SIRENE: 0 [530 1/2] |—1.38! —2.5 | 0.23 4.8 4.00 | — 3.78 | — 3.01 | — 2.08 |—1.00 
AD 0.08 [OSTE] KNEE OST FE QED ROD 550 3.00 |—0.20|—0.89|—0.96 | 0.00 
BAVELSE 0 [631 1/2] 1—0.58 | —0.9 | 0.26 DES) 3.00 |—0.201—0.891—0.96 | 0.00 
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Fig. 16. Magnetic moments of odd-proton nuclei. The crosses correspond to the experimental values listed in 
Table VII:a. The squares represent theoretical values calculated from the detailed wave functions corres- 
ponding to single-particle motion in a deformed field. These are compared with one another and with the 
limiting values (solid line) corresponding to the asymptotic wave functions. These limiting values correspond 
to the coupling scheme B, discussed-in A. Bonr (1951), Phys. Rev. 81,134. For I="/, and 2' = + "/,, the 
asymptotic wave functions yield different magnetic moments corresponding to whether the parity I/ is odd 
or even. One sees from the diagram that the present classification provides a qualitative interpretation of 
the observed magnetic moments. It is also interesting to note that the detailed wave functions represent 
the observed moments systematically better than do the asymptotic wave functions. There remain, how- 
ever, differences of the order of half a magneton (see the discussion in the text). Added in proof: A simi- 
lar figure has recently been given by J.N.I. Gauvin (1958), Nucl. Phys. 8, 213. 


<- Caption to Table VIII, p. 84. 


Column two lists the excitation energy at which the lowest state of the rotational band occurs. The 
orbital assignment, in terms of the quantum numbers [Nn, AK], is found in column three. The calculated 


value of a is listed in column five, and the experimental value in column four. The assumed values of the 
deformation parameters då and nm (cf. Fig. 9 and footnote on p. 7) are listed in columns six and seven. The last 
five columns show the dependence of a,,,, on the deformation parameter. The very last column corresponds 


to the value of a for a pure "asymptotic” state. The value of a in this limit is a = 54 0: 
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Fig. 17. Magnetic moments of odd-neutron nuclei. See caption to Fig. 16. 


rity of the observed beta transitions have log ft values which correlate with the clas- 
sification of the transitions as follows.” 


TR Kors ar ENS 0] 
GRO 0 FRED Ra 
SMORESRLO SE MRSATE 
RO KEERLO SFI LEESE 
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(sa | 


In addition, the model reproduces correctly the main variations in the observed 
magnetic moments and decoupling factors (cf. Tables VII and VIII, Figs. 16 and 17). 
However, it is found that, in the case of the magnetic moments, there are deviations 
between the calculated and predicted values which are in some cases as large as 0.8 
nuclear magnetons. These deviations reflect the very great sensitivity of the magnetic 
moment to the exact orientation of the intrinsic spin with respect to the total angular 

7 It has sometimes been suggested that the selection rules associated with the total number of neden 


N, should be somewhat stronger than the rules connected with the other asymptotic quantum numbers. 
However, the data collected in Tables IX and X do not seem to indicate such a difference. 
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momentum. This effect has been observed previously in nuclei which have spherical 
shapes and has been reasonably accounted for in terms of configuration mixing be- 
tween the configurations with ;=/+ 1/2 and j=l— 1/2 (BLIN-STOYLE, 1953; ARIMA 
and HORIE, 1954). 

The success of the simple independent-particle model in describing the non- 
spherical odd-A nuclei might suggest that it should now be applied to even-even 
nuclei. It is immediately found, however, that there is a qualitative difference between 
the observed spectra of these nuclei and what would be predicted by such a model. 
An independent-particle model would predict that the low-lying intrinsic excitations 
in even-even nuclei should have an average spacing similar to that observed in the 
odd-A nuclei. In fact, no intrinsic excitations are found in even-even nuclei up to an 
energy which is almost an order of magnitude greater than the average spacing in 
odd-AÅ nuclei?. In the regions 150 < A < 190 and AÅA > 220, the first intrinsic excitations 


TABLE IX. Log ft-values for beta transitions. a) Allowed transitions. 


| Excitation| Type | ;: 
Parent Daughter | Sen of å | Orbit assignment Classif En 
nucleus nucleus | state in tran- | er S 

| daughter | sition | Parent Daughter 
124725 13925 0 | | SØD 3.5 
z te ; mirror 
Gar SÅ EY IDG 103 ec [OSS PTE EMTETP] GM Se 720 
DU Gas 87 BE [413 5/21F! [651 3/2] ah 723 
259155 1Gq155 105 BE EEN 622550] ah 3 
%(6Gq159 94 pp 159 364 Be 5213 532 5] ah 6. 
92549159 93) y159 | 9 ec [5235772] [5237572] au <5 if AE <2600 
Gar klude | 418 DE [52355/2] [523 27/2] au — 4,8 
%7p161 95) y2061 ! 0 bel TES 2 62255 0] ah ÆB 
rd 5 LEE Be D yes 26 ec [5235772] [52575] au <4.5 if AE <1000 
9537163 969163 2 RR D2S SP [52372] QUE 5 41500 
97Er165 9849165 (Er: 18288572 7 523872) ore <5 if AE <600 
10049167 9927167 700 B- H1523 7/2] | [523 5/2] | au | eEs 


The first section, (a), exhibits transitions classified as allowed (4 I =— 0 or 1, ”"no”). The orbitals of 
initial and final states are here identified by the quantum numbers [Nn, AK]. We have only considered 
transitions which are not K-forbidden and which involve solely I = K members of the corresponding ro- 
tational bands. Column eight gives the log ft-value of each transition calculated from the lifetime and branching 
given in the level schemes of $ II. The additional classification in terms of the asymptotic selection rules 
is introduced in column seven. Transitions that violate the selection rules are classified as h (hindered), the 
others as u (unhindered). The second section of Table IX deals with beta transition of first-forbidden type 
(AI = 0,1, 2, yes”), denoted (1); the last six cases in the table correspond to AI = 2, i. e. they have &x-type 
spectra. These latter transitions are denoted (14), In section (b) the states are denoted by the quantum 
numbers IKII [Nn, AX]. 


1 This important deviation from the one-particle picture has been known for some time, although 
a quantitative description has been lacking. For a recent summary of the experimental evidence and a 
discussion of a possible model for describing the effect, see Boxr, MOTTELSON, and PINES (1958). 
12% 
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TABLE IX. a) Allowed transitions (continued). 


!]!r!é—mc—-<e— 


Excitation | Type 5 ke 
Parent Daughter FRR of OR Orbit assignment CLASE log ft 
nucleus nucleus state in tran- z 
daughter | sition Parent Daughter 
EMNER EN DERES ENES URE NER BEER RE SOE OR TE Sr 
SAGDES, Sem er 2? ec [523 5/2] [523 7/2] au <5 if AE < 2400 
BØ DNEDE nm 425 PE [512 5/2] [523 7/2] ah 6.3 
SNG DLG HAD 0D 396 B= [514 7/2] [514 9/2] au 4.5 
SV YD ET DLG 0 B= [624 9/2] [404 7/2] ah 6.2 
ME UEG SD EDEL 326 (DE [404 7/2] [624 9/2] ah 623 
alba dg RTE Røg 326 ec [404 7/2] [624 9/2] ah 8.3 
Er sllare on Ene 0 ec [404 7/2] [624 9/2] ah » 6.9 
una W2ze Es nale 30 ec [514 7/2] [514 9/2] au <5 if AE <2000 
JE TEN kel adsl 958 ID [510 1/2] [541 1/2] ah w 6.5 
250225 SN p28s 2 ec [633 5/2] [633 7/2] au <5 if AE <1000 
BD U se, SNP: 60 ec [743 7/2] [523 5/2] ah 6.8 
r5ON DE. age? 286 b= [642 5/2] [622 5/2] ah 639 
SON p2E2 SSU EED 512 (om [642 5/2] [633 5/2] ah 6.8 
Fare us SEA m2Æ 84 ln= [624 7/2] [642 5/2] ah 6.1 
DES Eg Am 465 jus: [624 7/2] [633 7/2] ah | 6 
I 


TABLE IX. b) First forbidden transitions. 


Excitation | Type 3 E 
Parent Daughter | energy of | of Orbit assignment É 
nucleus nucleus state in tran- ASS LOE NE 

daughter | sition Parent Daughter 
Corn Lee egu le3 0 bz 3/2 3/2— [521] 5/2 5/2+ [413] 1h Asl3 
Rane Pause 103 PE 3/2 3/2— [521] 3/2 3/2+ [411] lu 6.8 
Ea STEDS SSEn15s 710 B= 3/2 3/2— [521] 1/2 1/2+ [411] lu — 6.5 
Gal Sa es 98 ec 3/2 3/2+ [651] f 5/2 5/2— [532]7 dens » 6.8 
Bus SHE GELD 0 BE 5/2 5/2+ [413] 3/2 3/2— [521] 1h 8.7 
eg. Gale 0 BE 5/2 5/2+ [413] 3/2 3/2— [521] ig 8.0 
Hades San bie? 0 (ore 3/2 3/2— [521] 3/2 3/2+ [411] lu 6 
CARDLEL old yTe, 70 "Bis 3/2 3/2+ [411] 3/2 3/2— [521] lu 6.8 
ADELS or E1618 0 5 7/2 7/2+ [633] 7/2 7/2— [523] lu w 6.2 
BOET org ars 0 ge 7/2 7/2— [523] 7/2 7/2+ [633] lu » 6.0 
VS DRED reol yes? 0 (DE 1/2 1/2— [521] 1/2 1/2+ [411] lu 6.2 
AR De NE 688 jog 5/2 5/2— [512] 3/2 3/2+ [411] lu 8.9 (a) 
108 Er!71 ege 921 [n= 5/2 5/2— [512] 5/2 5/2+ [413] lu 6.9 
pm KA YED GE 0 be UPS er] 1/2 1/2= [521] lu 6.2 
HAY DEG Em. 0 [o= 7/2 7/2— [514] 7/2 7/2+ [404] lu 6.4 
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MERE SGD) EEE St forbidden transitions (continued). 


Excitation | Type z i 
Parent Daughter | energy of dg Orbit assigned re FE ir 
nucleus nucleus state in | tran- hes 

daughter | sition Parent Daughter 

ANG OL. AN ERE GG 147 BE 9/2 9/2+ [624] 9/2 9/2— [514] 1lu 7.2 
YDER Lu 1230 Be 9/2 9/2+ [624] TU PAT DE [523] ig) 5.2—6.2 
eu LA FR 0 BE TPE NDØGE [404] NET DES [514] lu GM 
rl KOGE NERE 0 ec 7/27 [2 [404] TID 1 [2= [514] lu 6.6 
Sal Rall ÅEN 1070 ec HIORT AGE [404] MJD T (2 [503] fu — 6.5 
VHA ig hine pet Hs 612 Bx DELE [510] NE [411] lu FjenN 
Hera es WES 453 Ba TIE T AE [404] TJDSET [AE [503] slør 6.9 
FANE TRE 0 DE SUD EB YDE, [512] 5/2 5/2+ [402] lu 7.5 
les Par SAVES 313 bo SY PAR DE [530] 3/2 3f[2+ [631] lu 7.0 
Bar: SUS 400 ble 3/2 AT 2= [530] al) PÆB NDA 5 [631] ile 6.5 
ears FANGES 0.08 BE SJAL PE [530] 1/2 4/2 [631] kr x6 
HENDE FADE 0 ec 5/2 5/2+ [642] MA Ta [743] dere 7.5 
ur SND: 267 p= 1/2 1/24 [631] 3/2 3/2— [521] ir 6.0 
ed ll SINDE 0 ec YDET AS [743] 5/2 5/2 [642] TABT 6.8 
BENDER Bus 392 BE 5/2 5[/2+ [642] 7/2 7/2= [743] lu 6.5 
LADA mess 15 Pude 286 ec 5/2. 5/2— [523] Bla SAR [622] lu 6.0 
LAM. pus 512 ec 5/2 5f/2— [523] 5/2 5/2+ [633] ig, 683 
sapug Sne, 0 p= BJ2 SA [622] 5/2. 5/2 [523] tu 5.6 (b) 
oc m ES SAD SE 480 ec URL PE [631] 3/2" 3/2 [521] lu 7.4 
HP arS Ham 0 be VP LØ PAS [624] 5/2 5/2å= [523] lu 6.1 
BOA mn SE Moms 0 lo= 5/2 5/2— [523] 7/2. 7/27 [624] sq) w 6.2 
OASE one | 257 "ie JPEG) ES [523] 5/2 5/2+ [622] lø) w 6.2 
MEBK ES Om | 257 ec 3/273/2= [521] 5/2 5/24 [622] lu al 
EB Gns 632 ec 3/2 3]2= [521] iP NE [631] iel 7.Å 
158225Kk249 151Cf249 (8) (5 TIART JAGE [633] 9/2 9/2— [734] lu 689 
915m153 %0Eul53 83 DE SIDES] 25 [521] 7/2 5/2 [413] TER SE) 
10357171 102 pm !71 0 Bb 5/2 5/2— [512] 1 PAU PÆS [ek i u > 8.6 
1104183 109 yy 183 209 Ba TPE TÅ DES [404] 3/2 3/2— [512] 1%R 8 
105Gs38e 110R 6185 0 ec i PA UDE [510] 5/2 5/2+ [402] læn > 9.3 
12 e187 19 sis" 0 Big 5/2 5/2+ [402] 1/2 1/2— [510] (RE Re) 
145Cm241 146Am?41 0 ec 1/231/2F [631] 552 [523] ræk FN) 


(+) This single-particle state is associated with a smaller nuclear deformation. 

(a) This ft-value differs by about a factor of 100 from what is expected according to the assumed 
classification. This large discrepancy May throw some doubt on the orbital assignments. . i 
(b) This ft-value is somewhat smaller than that usually observed for 1u transitions. It is possible 


that this reflects some small error In the transition energY or in the calculated Fermi function for this very 


low ener transition. j j 
(0) This ft-value is calculated from an assumed transition energy of 1.5 kev (JOHNSON and LIBBY, 
private communication) and a bold extrapolation of the available tables of Fermi functions. 
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TABLE X. Hindrance factors for electromagnetic transitions. 
i i nm Half-]life 
KRAER Orbit assignment ks SE Mult. of, RES H 
Initial Final state 

124725 1/2— [330] YET 11] (a) E1 h — 10? 
124725 1/2+ [200] ØGE PRT (a) M1 h w— 10 
90534153 SIDES UD ETA ES YDES YDER FAT STØR EAST 05 OKSER 103 Mi1 h 4x102 
904153 51253 JOR ATTEN 5/25] DR AT STE TEE SOS 1078 70 M1 h |—6x103 
95) y161 5198508 59375 DETS T6GAD JN SST OF SES 26 E1 h 1x104 
95 )y161 SPESTØES HØ SØS ØE HEPEN ÆGTE E 49 M1 h 70 
%D)y161 SYES DET 59T | ES DESY DE 64 TER ED SET 0 2Es 75 E1 h 1x105 
9677163 Ted HENT] GJØRE NDE ESP] 0.85 305 E3 h 1x104 
29) y165 DENDE 597 TH HE 772Æ7 FEET 633] 1.2m 108 E3 h 2x103 
99167 VE 5 TE 77257228 633] 2.58 208 E3 h 5x102 
100Pm169 TED ØER 593 7 DKS AOA TE ASS OSS 63 E1 h 1x105 
10Lyp121 TPE TIDS SSB PERUS HEN (b) 75 E3 NJ. h (b) 
10474175 O2RO) DES TS TØRT FRR, D 7 DERS FÅ OA] 3x1072 5 | 396 ir % i Fi 
ZL , M 2 20 u 1 
1047 14175 9/2 9/2— [514] | 9/2 7/2+ [404] 3x10—25| 282 Er: % … 
71 M2 3 u 3 
1067 4177 VDR OY DERES TATE HE 27/2 EET AOA TR OST OS HET 4 7 FL: SÅ å SÆGA NE 
i i M2 10 u il 
107178 UDE UDE FESD | FUP ØE FE 195 160 M3 h 103 
105 Wy179 TYDE YDER TS TOTEN 1287 OR ES TÅ] 7m 220 M3 h 7x104 
1084181 VET SER AT IT SYD ESTER 40 STR ET ES SE 0 FSF SEE ET 32 E2 h 4x102? 
1084181 TE PE ATT ET OTIRA OA ES SET OSTE 672 M3 DØ u 7) 
108P 4181 SYES ER 402 TER ED ED SA AT TEST OST SE HE 30 kr ifl g 39 
7z M1 3 h 3x 108 
1084181 OK OD FE STAT 775 7/0 RA 04] (c) 152 eg: . $ (c) 
107 ; is f 7x102 
07W181 SES DER [512] ROY DE O/DFEET SA TER HE RASK DE ST SE NES 6 6 M2 u UD 
10705183 1/2 1/2— [510] | 9/2 9/2+ [624] — 10k ig M4 u 5 
1437285 ANDET YDET EST] HE7 EL, DER 1743] AGDER 0208 REE h (e) 
1431287 YDET YO EST TE 7/97 DR 7437 0.185 145 E3 h 2x 102 
144N 9237 5/2 5/2— [523] | 5/2 5/24 [642] "| 6.3x10-8's 60 Ed 3 h 3x105 
so NDEE SIDES DER [5 TEE FESTE IDEER GAD TER RS SÆRT DESESEE ED 67 18 fe NM i PS 
144Np237 3/2.3/2—[521] | 7/2:5/24 [642] | 5. 4x109s I 934 M2 u 70 
144Np23? 3/2 FS TREE T52 TR BEST ONSIDE 5 OSTE ES ASE DES RES OS M1 h |1x104 
141Np287 PESTEN ED EG SEEDEDE BESES ESS E2 h 20 
1455230 [23 DJ2ÆST 74 STN EST EST EST ED TE HET OST ERES TE ET 06 E1 h 6x105 


Initial and final states for the transition are listed in columns two and three. The states are assigned 
by listing the quantum numbers I KIT [Nn, Ål]. The next column gives the experimental half-life. The 


hindrance factor H of column nine is obtained by correcting the observed half-life for branching and internal 
conversion and then dividing by the theoretical half-life for a single-proton transition (MOSZKOWSKI, 1955b). 
Where the conversion coefficients have not been measured we have used theoretical values (SLiv and BAND, 
1956, for K-conversion; ROoSsE, privately circulated tables, for L-conversion). Column eight contains the 
classification of the transitions as hindered (Ah) or unhindered (u) with respect to the selection rules in terms 
of the asymptotic quantum numbers (as given in Table I). 
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in even-even nuclei are usually not found below about 1 MeV. This energy gap in 
the even-even nuclei apparently reflects an essential correlation in the motion of a 
pair of nucleons which fill the degenerate orbits labelled by + K and — K. From our 
present analysis, however, we can conclude that the pairing forces responsible for 
this correlation in even-even nuclei do not essentially modify the orbit of the unpaired 
nucleon in an odd-A nucleus?. 


7 For a discussion of the possible influence of the pairing forces on the absolute magnitude of the 
spacing of intrinsic levels in odd-A nuclei, see F, BAKKE (to be published). 


<- To Table X, p. 90. 


(a) Many transitions between these two bands are observed and the absolute and relative intensities 
are analyzed in some detail in (LITHERLAND et al., 1958). The hindrance factors quoted in the table represent 
an average for the several transitions observed between the two bands. 

(b) The lifetime of this E3 transition is not known, but is expected to be of the order of an hour. 

(c) Although no lifetime is known for this transition, the relatively large amount of M2 admixture 
encountered shows a relative hindrance of E1 compared to M2 of order 10, which is in agreement with the 
classification. Indeed, the situation is similar to Lu”, where we encounter the same orbitals, a similar transition 
energy, and comparable E1— M2 mixing. 

(d) It is possible that the relatively long lifetime of this unhindered transition is associated with a 
selection rule resulting from the fact that the last odd particle is a neutron. Thus the matrix element, 
(c+iy)l,, responsible før the transition (cf. Table 1) is multiplied by the orbital g-factor, I Which is zero 
for a neutron. 

(e) It is not possible to obtain a hindrance factor from the observed lifetime for this transition because 
of the considerable uncertainty in the conversion coefficient. If we assume the transition matrix element 
to be the same as for the transition between the same orbitals observed in Pu??, the conversion coefficient 
is estimated to be of the order of 10%, This value is not inconsistent with a daring extrapolation of the known 
systematics of conversion coefficients (I. PERLMAN and F. AsAaRO, private communication). 

(f) If the classification of these orbitals is correct, one should probably expect a significant M2 ad- 
mixture in this transition. 
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APPENDIXSST 


Most of the wave functions and energy spectra employed in the present analysis 
have been published previously (SGN). In a few cases, it was necessary to perform 
additional calculations in order to complete the theoretical spectra. The present 
appendix contains the results of these additional calculations. The form of the tables 
and the notation are the same as in (SGN). 


Eigenvalues and eigenfunctions of the shell N = 5 with the parameter u = 0.70; 
valid for the last odd proton of odd Z-nuclei with Z>82. 


The eigenfunctions are given in a representation with N, I, A, and % diagonal. 
Base vectors are denoted | NIA%5. To the right in the table, there are listed the 
the quantum numbers, [N n, Å], of the asymptotic wave functions for each orbit. 
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Ll 


meok … HH 
N=5 2 3 


eigenvalue: 5/3 — — 26.0; eigenvector | 555 + >, asymptotic state [505]. 


(eQ BER REE 0 He BE 
— 36.000 | — 33.667 | — 29.333 | — 26.000 | — 22.667 ! — 19.333 ! — 16.000 | 
9 
Noe 
å 5 
båse vectors: | 554 +=>, 1555 =>. 
n=—6 —4 2 0 PÅ 4 6 + 
— 24.000 — 21.136 — 18.116 — 15.000 — 11.822 — 8.605 — 5.361 
0.535 0.436 0.359 — 0.302 0.258 0.225 0.198 [505] 
— 0.845 — 0.900 — 0.933 0.954 — 0.966 — 0.975 0.980 
— 31.000 — 29.198 — 27.550 — 26.000 — 24.511 — 23.062 — 21.639 
0.845 0.900 0.933 0.954 0.966 0.975 0.980 [514] 
0.535 0.436 0.359 0.302 0.258 0:225 0.198 
7 
N=5 Q2=— 
N=5 5 
base vectors: | 553 SÅ DSE ER ESS ES 
n=—6 —4 —2 0 2 Å 6 + oo 
— 16.090 — 15.493 — 14.007 — 11.400 — 8.393 — 5.255 — 2.055 
— 0.615 — 0.485 — 0.214 0.000 0.094 0.144 (57/7 [503] 
— 0.583 — 0.723 — 0.954 1.000 — 0.994 — 0.987 — 0.982 
0531 0.493 0.210 0.000 — 0.055 — 0.067 — 0.068 
— 20.498 — 18.153 — 16.194 — 15.000 — 13.961 — 12.885 4115757 
0.082 0.254 0.432 — 0.426 — 0.372 — 0.321 — 0.279 [514] 
— 0.717 — 0.655 == 0285 0.000 — 0.086 OSTER — 0.117 
— 0.692 — 0.712 == 0856 0.905 0.924 0.941 0.953 
— 27.812 — 26.755 — 26.199 — 26.000 — 26.046 — 26.260 — 26.588 
0.784 4 0:837 — 0.876 0.905 — 0.924 — 0.936 — 0.944 [523] 
va 
— 0.382 0.220 0.092 0.000 == 0.066 — 0.114 — 0.149 
0.489 — 0.501 — 0.473 0.426 — 0.378 — 0.333 — 0.295 


oe CSC JR Ce 


94 Nr. 8 
5 
N=5 Q=-— 
2 
basekvectorse | S 2 EE|5 352 ESS SEE DS SEE 
n=—6 —4 —2 0 2 4 6 + — 
— 5.889 — 6.883 — 6.410 — 4.400 — 1.688 1293 4.396 
0.442 0.300 =0:113 0.000 0.042 0.056 0.060 
05755 08747 — 0.553 — 0.378 — 0.278 — 0.220 — 0.183 [503] 
— 0.311 — 0.271 0.139 0.000 — 0.085 — 0.137 0474 
— 0.370 — 0.568 0.814 0.926 0.956 0.964 0.966 
— 13.002 — 12.441 — 11.766 — 11.400 — 10.840 — 10.022 — 9.039 
— 0.056 0.156 0.158 0.000 0.151 — 0.249 0:312 
— 0.514 0.609 0.806 0.926 — 0.945 0.936 — 0.924 [512] 
— 0.525 0.218 — 0.009 0.000 — 0.051 0.074 — 0.077 
— 0.676 0.747 0.571 0.378 — 0.286 0.238 — 0.208 
— 16.595 — 15.175 — 14.743 — 15.000 — 15.696 — 16.559 — 17.439 
— 0.533 — 0.526 0.533 — 0.522 0.465 — 0.396 == 01334 
0.256 02253 — 0.179 0.000 0.139 — 0.201 — 0.220 [523] 
0557 0.748 — 0.822 0.853 — 0.873 0.890 0.906 
— 0.583 — 0.316 0.092 0.000 — 0.057 0.103 0.139 
— 25.314 — 24.968 — 25.214 — 26.000 — 27.243 — 28.846 — 30.718 
— 0.719 0.781 — 0.824 0.853 — 0.872 0.882 0.887 
0315 — 0.226 0.114 0.000 — 0.103 0.187 0.254 [532] 
— 0.563 0.565 — 0.552 0522 — 0.478 0.428 0.380 
0.258 — 0.143 0.058 0.000 — 0.034 0.053 0.060 
3 
N=5 Q=z 
2 d 
basemvectors | FOD IE ESS TES PS TIE SE ESS RES SE SOE 
n=—6 —Å —2 0 2 4 6 + &o 
4.556 0.955 — 1.908 — 2.400 0.041 2.966 6.045 
0.291 — 0.210 — 0.097 0.000 =— 0.029 — 0.059 — 0.082 
0.754 — 0.710 — 0.581 0.000 0.263 08343 0.384 
0.477 — 0.534 — 0.669 1.000 — 0.955 — 0.928 — 0.912 [592] 
— 0.166 0.147 0.086 0.000 0.020 0.033 0.037 
— 0.303 0.381 0.445 0.000 LÆ 0.135 — 0.129 SONS 
— 3.967 — 5.196 — 4.984 — 4.400 — 4.775 — 4.526 — 3.871 
— 0.087 0.100 0.081 0.000 — 0.081 — 0.111 — 0.118 
0.189 — 0.074 08225 =0:535 0.374 VST 0.186 
0.401 — 0.565 — 0.678 0.000 0.234 0.236 0:215 [STA] 
0.440 — 0.304 — 0.135 0.000 0.135 0:233 0.300 
0.776 ROOM — 0.682 0.845 — 0.884 — 0.901 — 0.903 


0 eee eee I se re eee] 


continued 


Nr. 8 95 
n=—6 —4 —2 0 2 4 6 + 00 
— 11.129 — 10.754 — 10.555 — 11.400 — 12.786 — 14.144 =15:3105 

0.595 — 0.388 0.65 0.000 — 0.183 OS3% — 0.440 
02273 — 0.552 08758 0.845 0.863 — 0.822 OS [521] 
— 0.596 0.579 — 0.301 0.000 0.183 — 0.277 032% 
— 0.199 0.061 0.026 0.000 0.020 — 0.055 0.069 
0.421 — 0.454 0.561 0535 0.433 — 0.362 VESE, 
— 14.878 — 13.722 — 13.851 — 15.000 — 16.946 — 19.454 — 22.221 
— 0.291 0.505 0.599 — 0.603 — 0.551 — 0.460 0.368 
0.454 — 0.362 — 0.176 0.000 — 0.176 — 0.292 0.335 [532] 
— 0.480 0236 0.046 0.000 — 0.028 — 0.073 0.103 
0.642 — 0.716 — 0.771 0.780 0.810 0.818 — 0.830 
— 0.259 0:213 0.120 0.000 0.092 0.166 — 0.230 
— 23.782 — 23.817 — 24.569 — 26.000 — 28.068 — 30.709 — 33.838 
0.685 0:735 — 0.773 0.780 0.809 0.812 0.807 
— 0.340 — 0.235 OA 0.000 0.122 0.236 0334 [541] 
0.162 0.067 — 0.015 0.000 0.011 0.038 0.070 
0.572 0.608 — 0.616 0.603 0570 0527 0.464 
— 0.248 — 0.174 0.085 0.000 0.067 OM2 OSLSÆ 
1 

AT FF mrs 

NE 59 3 

base vectors: [550 FS 1530 FS 1510 FS [551 ==, [531 =>, [511 ==) 

EEG > => 0 | 2 4 6 fe 
15.564 9.484 3.863 0.600 2.383 5.186 8.213 
SOM AT — 0.100 — 0.046 0.000 010357 0.030 — 0.035 
— 0.538 — 0.482 == 0:357 0.000 — 0.126 01125 OSSÅ 
=0.799 == 0826 == 01857 me 0577 0.236 OS Eos [501] 
0.068 0.058 0.034 0.000 — 0.027 — 0.058 0.081 
0.183 0.208 UP bøf 0.000 0.250 0:33 — 0.380 
0.120 0.168 0.295 0.816 — 0.930 — 0.918 0.906 
SSL 12813 — 1.093 — 2.400 — 3.630 — 3.561 — 2.968 
0.096. | 0.086 0.041 0.000 0.067 08749 0.209 
0.045 0.096 0.114 0.000 — 0.461 0605 Foret 
= 0.317 =s 0370 ze 03433 0.816 0.811 0713 0.669 [510] 
== 0.280 0.206 me 01084 0.000 5 01040 BO | = MO 
me (1756 — 0.709 — 0.529 0.000 0.160 0445 OT 
Eee 0:483 — 0.548 0715 0.577 0.314 EN 01265 0.231 
5,958 — 4.023 3773 — 4.400 7953 0046 7309 
0.471 0.320 0.143 0.000 0.115 01162 0.166 
0.606 0.629 0.605 — 0.655 =— (All Ostrom HEER 010247 
== 0:426 == (1326 0.185 0.000 201457 Om | — Og [521] 
== (UETGR 087 05130 0.000 0557 02807 HERO rs 
0.070 me 108 0474 0.756 0.748 =D TE 0.744 
0.433 0.591 0.582 0.000 0.148 — 0.250 0:312 | 


continued 


1n=-6 Fy => 0 2 4 6 + 
EEN ERE EET TE TE NER ere Frente 
—10.049 0730 — 9.937 — 11.400 — 14.005 —17.340 | —20.694 
20.017 20.170 0.120 0.000 0.163 0.373 0.540 
0.412 — 0.499 0.675 0.756 2 0:745 = 0640 HR 01487 
— 0.249 0.255 — 0.206 0.000 0275 se VA70RE 008539 [530] 
0.549 — 0.296 0.099 0.000 0.049 0.003 | — 0.054 
0.307 — 0.545 0.645 0.655 057 0470 0805 
— 0.610 0.538 — 0.249 0.000 2021 Ds | DEG) 
= 131672 121898 — 13.409 — 15.000 — 17.606 25109270 HS 707 
0.584 0:625 0.662 == 0.67400 0.642 0.538 0.387 
me 0284 5092555 0157 0.000 0.176 0.349 0.434 
0.092 0.074 0.029 0.000 0.042 0.166 0.288 [541] 
— 0.440 me 01638 == 0747 0.739 — 0.734 For e 0704 
0.452 0.320 0.148 0.000 0528 = 02730 0982 
07415 =e 01170 — 0.030 0.000 | — 0.014 0103570 0058 
— 22.995 853246 224250 — 26.000 — 28.490 37711 2351642 
— 0.638 0.691 E 05723 0.739 ze 01737 07220603 
0.302 2 0:222 On7 0.000 50121 0.239 | — 0.350 
— 0.095 0.051 5 0015 0.000 = 0107 0.066 | — 0.141 [550] 
En 617 0.651 = 01672 0.674 — 0.657 0.619 | — 0.560 
0.303 = 0207 0.105 0.000 — 0.099 Oss 0033 
= vo 0.059 070713 0.000 — 0.009 0.029 | — 0.049 


Eigenvalues and eigenfunctions of the shell N = 7 with the parameter u = 0.40 
valid for the last odd neutron of odd-N nuclei with N > 126. 
For the notation, see the caption of the corresponding table for the N = 5 shell. 
In addition, the first column on the left gives the quantum numbers, //K, that charac- 
terize the orbital in a spherical potential (7 = 0). 
15 
NERO: ES 


eigenvalue: 7/3n — 29.4; eigenvector: |777%+ >. 


| n=—6 | —4 | => | 0 | 2 | 4 | rl) son ERE 
BETER | | | 
i | 713-400 | —38.733 | —34.067 | —29.400 | —24.733 | —20.067 | —15.400 | —6.067 | [707] 
| | 
15 
Nemme = Sy 


Dø 917 940 955 966 .973 979 982 9.88 [716] 
398 340 294 258 2229 206 186 157 
13 13 — 27.778 | —23.384 | —18.914 | —14.400 | — 9.838 Fæ 5.281 | — 0.668 8.505 
fS 5 1098 | — 340 1 — 1294 958 | =D HE 5 206 ER 86 ERE [707] 


"4 DARREN 


Nr. 8 S ST 
ikbi 
Nero 
2 
haseRvectors |] 75 HE | ES 7 
n=—6 | —4 => 0 2 4 6 10 mg 
—34.912 | —32.450 | —30.726 | —29.400 | —28.285 | —27.293 | —26.378 | —24.694 
2511 773 | — .868 .911 .931 .942 .949 .953 SD rer 
5 575 RR 04 .000 .064 2106 .136 173 
17375 .413 .399 .365 .330 .298 .270 .226 
EET ER EN FEE RE 
SEER 4) .353 .179 .056 .000 0791 .242 —… .234 | — .200 | 17467] 
DE .838 .950 .990 | 1.000 SE ET ye ET SNE es 
.416 .255 .129 0000 Hær 0s .899 .944 967 
jens HE 0S5E HET eo 400 TEE 2E FEE so ESS 2 8 RRS 007 
ge ERR SY ARS I) 548408. V514 2865 504.827, | 2.204 491 Ma .208 HT 
BED HEE 18397 28851480 254.005 .000 .405 .925 .963 .972 
BD) er | oa .854 .320 191 115 
N SE ØÅ = 972 
base vectors [1774 754 7 17755755 = 
n=-6 ==, BE Vad 0 2 4 6 10 + o 
Ø 
773 18302780 12059220 18204000 520726] 130-843. 5311481] 833007 
ler ED | SER 869 | .894 .905 .910 .911 .910 
frem 5458 | DØB 188 .000 104! .179 .234 .303 | [734] 
SAGA .456 .475 .473 .447 411 1378 1 NNNES37 .279 
er eee ERE 052 000 .028 .042 | .049 .051 
1505 550327 1718854 547.000) 245:040 | —13,821/]43.19171 219 073 
NEN 5 422 .202 .078 .000 DØ SE en HBr == DN 
5 514 | — .829 .914|  .954 FOT ERREs 60 32 RR 6725] 
.178 .289 11657) .000 | —  .341 | .796 .890 .930 
2725 .435 | 362 .302 BOSE ERE 006 .085 154 
eo es ses 400] 3 665 21210000] FOT 65 KR 6 TS 
ik oo oe rr] ERAT RO 538 BESS SR RRS 
(EF AE 580 MeD 016 RE 0005 HR 05 DD | Be .904 | [714] 
647 .682 .845 | — .894 .842|  .459| — .265 144 
.449 | se, .000 166|  .250| 1.230 187 
[42/387 112.177 0.766 — 6.000 | — 1.732 | 2.698 | 7.204 | 16.326 
7325 ENN 109 Km .000 037] .050| — .054 | .058 
ES 0 248 512 186 1 149) | [705] 
.584 .476 FS Sa HE 0000 EO 850 ERE 50 | HR] == MD 
HE 685 RE 899 054 964] .967| — .968 969 
Er ES LEE SS] 
Mat. Fys.Skr. Dan. Vid. Selsk. 1, no. 8. 1189 
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N=7 Q = 7/2 
base vectors: 


BYGGE | =2QRG2S | =—28,580 | —29,400 | —30.919 | —32.954-| —35.344 | — 40.775 | 
KON UE ni 828 ENS .S64 861 854 839 | 
18 7 dag | 819 187 | 000 136 242 320 492 | [743] 
22) —2a| 1.001 NER .000 .d10 | .029 .048 079 | 
NEREETT ERNST 532 826) — 1.481 438 34) 318 | 
257 170 ON .000 056 .O88 303| … 108 | 
| == 21,834 | =— 18.902 17,304 | — 17.000 | =17.032 | —17.,610 | —18.819 | —21.626 | 
242 | tag | 090 000 | .000 33t= 4995 1774709 
ii 7 343 | 616 | 883 | 905 | 896 00 |— 508 | ae 7 | INTSSS: 
2 82 | 802 | 671 282 .000 ass 356|— 3321 4041 124 
397 | 33 82 | 000 | —- 291 1 — 681 .819 874 
KEN VIR EEN A26 | 807 | .052 124 | 263 | 
16,802 14,960 14,133 | —14,400 | —15,250 | —15.,730 | —15,545 | —14.588 | 
Bo &37 535 1 1.516 | — 1497 | 477 | — 467 1— .408 | 
RES: T KUNU 005 023 000 179 563 7713 | 752 | [723] 
SER 193 047 (EN 000 .031 141 217 .283 
Ade KN! TOG 856 | 815 543 39 147 
KNN 590 283 .000 | 237 376 360 290 
Sagna] 
| =12,602 12.394 11,276 7.800 | — 4.783 | — 2647 | — 0.370 | 4.471 
son on | .029 .000 | .058 .092 102 | 100 
ru 7 837 Aas 147 .000 1 223 | — 216 |— 1851— 140 [7147 
2 2 476 KERSNN 938 1.000 | — ,5672|— sag |— 275|— 205 
509 390 102 <000 1 121 1 216 1 — "271 1 332] 
| 475 403 204 000 181 882 .898 904 
4177 SINNN 6,640 | — 6.000 | — 3.282 1.008 5.478 14.585 
| Jog 289 SEN 000 049 .058 068 083 
az T | 610 371 507 d26 |— ,3111— 296|— 1.311 | — 1.336 [703] 
22 236 233 198 000 812 913 226 .928 
| 399 49 201 000 074 !— .063 |— .057 |— 1.047 
OS 68 802 905 AS5 266 195 131 
IE SC SE ER eee 


BESES ESS SEE 


va 


Næss - 99 
vero 
Baservectorste| 17 SEE] INDE ES 73 SEERE] FO ES | SS SES 17 33 EDER 
n=—6 EA ED) 0 » 4 6 10 re 
210740 27.309] 197 8868429 400 1] 191.8437 5235 0587 13878507 471584 
.645 730 88 8817, .819 .804 1783 742 
TEE RE ERE 13 | .000 .156 287 .388 .514 
JE5 EjgR .095 .024 .000 .019 .060 107 SE | TØR] 
.505 .556 .582 577 .545 497 | .442 .345 
ENE SS RE .000 .087 FEDE .169 517 
| 153 .060 .012 | .000 .006 .017 .026 .033 
AE EST ED Re To ETT 0007] ET Se 727 FE 0 00750 03055 3065 
2436 6938 .106 000) RR 0943 .039 is eee 117 
RBR ERE) .591 775 .853 850 1747 .586 | —  .405 
ES SON ERE. 459 1539 .000 Bog 314 SOE ERR 240 745] 
Be SE 45 298 Sf39 "000 ERR 508 RE 70 724 .796 
ADT .391 .500 .522 .400 MØD | leg .356 
STER 280 1538157 .000 .064 .046 | — .001 .060 
== 156.0100 8730207 43307 444000] 16570 7 13034 1 20841 RR 3 7920 
SEE ENESTE rr] REE eo] 5 ad 573 675 
ars .539 .283 .092 .000 .060 .315 .476 .508 
IE 468] 323 13 016 .000 .026 .168 315 .446 | [732] 
| 2606 | 611 | 756 817 1777 574 .334 .129 
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